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ABSTRACT 
Horizontal and intracellular gene transfers are driving forces in plant evolution. The 
transfer of DNA into a genome adds genetic diversity and successfully incorporated genes can 
retain their original function or develop new functions through mutation. While there are trends 
and hypotheses for the frequency of transfers, age of transfers, and potential mechanisms of 
transfer each system has its own evolutionary history. The major goal of this study was to 
investigate gene transfer events and organelle rare genomic changes in two plant systems – 
Nelumbo (Nelumbonaceae) and the apioid superclade of Apiaceae subfamily Apioideae. 
Genome sequences from the early diverging angiosperm Nelumbo nucifera ‘China 
Antique’ were used to describe both intra- and interspecific patterns of variation and investigate 
intracellular gene transfers (IGT). A percent similarity approach was used to compare DNA from 
each genome and determine a possible mechanism of DNA transfer, if it occurred. The 
mechanisms investigated included recombination and double-strand break repair, as evidenced 
by repeat DNA and the presence of transposable elements. The ‘China Antique’ plastome 
retains the ancestral gene synteny of Amborella and has no evidence of IGT. ‘China Antique’ 
has more smaller repeats in its mitochondrial genomes than reported for other angiosperms, but 
does not contain any large repeats, and its nuclear genome does not have as much organelle 
DNA as the other angiosperms investigated, including Arabidopsis. The lack of large repeats 
within the Nelumbo mitochondrial genome may explain the few instances of IGT detected. The 
few instances of organelle IGTs into its nucleus may be the result of its history of vegetative 
propagation, low nucleotide substitution rate, and lack of several paleo-duplications. 
Unlike N. nucifera, and the majority of other angiosperms, the plastomes of several 
members of the apioid superclade within the carrot family (Apiaceae or Umbelliferae) have 
instances of IGT into the plastome, in addition to other rare genomic changes (RGCs). To 
investigate the distribution and mechanism of IGT in species of the apioid superclade and the 
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variable boundary between the two single copy regions and the IR, the complete plastomes of 
Anethum graveolens, Foeniculum vulgare, Carum carvi, and Coriandrum sativum were 
sequenced. To determine the distribution of and mechanisms causing these RGCs, the extent of 
IGT, and changes in gene synteny, the large single copy (LSC)–inverted repeat (IR) boundary in 
34 additional species was also sequenced. Analyses of these sequence data suggest that there 
are several mechanisms at work creating these dynamic IR changes. There is evidence of 
double-strand break repair in Coriandrum, as well as repeat mediated changes near its IR 
boundaries. Short dispersed repeats are also implicated as a mechanism of IR change in the 34 
additional species investigated. In Carum (tribe Careae) there is an IR boundary expansion, in 
addition to two small inversions. One of these inversions is near JLA and the other is between 
psbM and trnT. Anethum and Foeniculum plastomes contain double-strand break repair causing 
IGT of mtDNA into these plastomes. For the 34 additional species investigated, data support 
double-strand break repair as a mechanism of plastid evolution and is the likely cause of novel 
DNA insertions at LSC–IR boundaries. However, without a resolved phylogeny there is no 
context for how many gene transfer events there were or a timeline for when these events 
occurred. 
Molecular phylogenetic studies to date have been unable to produce a well-resolved 
apioid superclade phylogeny. To resolve relationships among the tribes and other higher-level 
clades within the group, determine the phylogenetic utility of RGCs, and determine the extent 
and timing of plastome RGCs in the group, the plastid regions psbM–psbD and psbA–trnH and 
the nuclear gene PHYA were sequenced. To these sequence data four RGCs were added, as 
were previously available data from the nrDNA internal transcribed spacer (ITS) region. These 
molecular data were analyzed separately and in various combinations using maximum likelihood 
and Bayesian inference methods. While these data were unable to fully resolve higher-level 
relationships in the apioid superclade, conclusions can be made regarding the distribution and 
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number of RGC events that have occurred in the group. The IR boundary expansion into rps3 
occurred only once in the lineage leading to tribes Careae and Pyramidoptereae. In addition, 
Careae is supported as monophyletic by the presence of the inversion of psbA and trnH. The 
contraction of the IR to rpl2 and the presence of putative mtDNA adjacent to JLA also likely 
occurred only once. Alternatively, while not as parsimonious, a maximum of six events is 
possible if each lineage gained these RGCs independently. Other major lineages within the 
group are not as strongly delimited and, for these clades RGCs cannot unambiguously support 
monophyly. Further study of the apioid superclade is necessary to resolve relationships and 





I would like to thank my advisor, Dr. Stephen R. Downie, for welcoming me in to his lab 
and helping me become a better scientist and writer through his advise and editing expertise. I 
would like to thank my committee members Dr. Sydney A. Cameron for advice on phylogenetic 
analyses, Dr. Ken Paige for his positive encouragement and advice on paper composition and 
organization, and Dr. Katy D. Heath for always having a ready ear and great advice about 
everything from family to being an early-career scientist. 
I would like to give a big thank you to my collaborators at other institutions. Dr. Sarah 
Mathews welcomed me into her lab to learn techniques associated with the amplification of 
PHYA. Dr. Linda Raubeson, my master’s advisor, without whom I would never have known DNA 
was so interesting. Dr. Robert K. Jansen for advise, being a conference friend, and being the 
lead P.I. on the project that got me interested in plastomes. Lastly, I would like to thank Dr. Eric 
B. Knox for protocols and advise on mitochondrial DNA isolation. 
A dissertation takes a village and I have had wonderful support from my community. First 
I would like to thank the many people in the School of Integrative Biology that helped me along 
the way. Foremost among these is Dr. Ray Ming for his time on my committee and help with 
spearheading the lotus genome project and funding other areas of my dissertation. I owe many 
thanks to Ray and his lab including Jennifer Han, Bob VanBuren, and Jennifer Wai for help with 
lab work and suggestions on how best to present genomic data. In addition, I would like to thank 
Dr. Ray Zielinski for his help with organelle genome isolation procedures. I need to thank Devin 
Quarles for the sage advice “design different primers” regarding mitochondrial DNA 
amplification. For their help with analyses and being a great sounding board I would like to thank 
the Systematics Discussion Group and HBV Consortium, especially Dr. Julie Allen, Dr. Jim 
Whitfield, Dr. Sydney Cameron, Dr. Tandy Warnow, Dr. Chris Dietrich, Drew Sweet, Andrew 
vi 
Debevec, Dr. Bret Boyd, Patrick Gero, and Dr. Therese Catanach. Additionally I would like to 
thank Laura Stein, Danielle Ruffatto, Stephanie Turza, and Vince Hustad for reading early drafts 
and copious grant and post doctorial applications. Several undergraduate students and two 
visiting scholars helped with lab work related to this project: Victoria Rodriguez, Colleen 
Sullivan, Dr. Yue Xu, Dr. Hong-Li Chang, and Anne Curé. Finally I would like to thank the 
Graduate students in Ecology and Evolutionary Biology for listening to several presentations 
and moral support especially the ladies of wine night and the Softballogists. Last but certainly 
not least I thank my husband Patrick Wilson and my parents Rick and Tammy Peery. Without all 
their support and love I would never have aspired to achieve my education goals. 
Funding for this work was provided by the Department of Plant Biology, the School of 
Integrative Biology, and the Botanical Society of America to Rhiannon Peery; the Downie—Katz-
Downie Research Fund; the National Science Foundation Research Program Award DBI-
0922545 and startup funds from Fujian Agriculture and Forestry University to Ray Ming; and 
National Science Foundation Program Award DEB-0120709 to Linda Raubeson. 
  
vii 
TABLE OF CONTENTS 
 
 
CHAPTER 1: GENERAL INTRODUCTION ................................................................................ 1 
 
CHAPTER 2: REDUCED INTRACELLULAR GENE TRANSFER IN THE GENOMES OF 
SACRED LOTUS (NELUMBO NUCIFERA) ....................................................................... 10 
 
CHAPTER 3: THE PLASTOMES OF ANETHUM GRAVEOLENS, FOENICULUM 
VULGARE, CARUM CARVI, AND CORIANDRUM SATIVUM (APIACEAE): 
CHARACTERIZATION OF INVERTED REPEAT CHANGES ............................................ 55 
 
CHAPTER 4: THE PHYLOGENETIC UTILITY OF PLASTOME RARE GENOMIC 
CHANGES, PLASTID GENE REGIONS PSBM–PSBD AND PSBA–TRNH, AND 
NUCLEAR GENE PHYA IN RESOLVING RELATIONSHIPS WITHIN THE APIOID 
SUPERCLADE OF APIACEAE SUBFAMILY APIOIDEAE .............................................. 106 
 
1 
CHAPTER 1: GENERAL INTRODUCTION 
 
 One of the most important processes in plant evolution is DNA transfer. Horizontal gene 
transfer (HGT), the transfer of DNA from one individual to another, was once thought to be rare 
but is now supported as a driving force in the evolution of plants (Yue et al. 2012). HGT is 
significant because genes acquired through transfer add to genetic diversity and can be co-
opted for their original purpose or modified for new functions (Barkman et al. 2007; Noutsos et 
al. 2007; Kleine et al. 2009; Lloyd and Timmis 2011; Rousseau-Gueutin et al. 2011; Wang et al. 
2012; Zhang et al. 2013). 
A special case of HGT is intracellular gene transfer (IGT), the sharing of DNA among 
genomes within an individual. Immediately after endosymbiosis evolved, IGT among plant 
genomes began (Martin and Herrmann 1998). Initially, there was a unidirectional outflow of 
genes from the organelle genomes into the nuclear genome (Martin and Herrmann 1998; Martin 
2003; Timmis et al. 2004; Kleine et al. 2009). After this initial purge the organelle genomes 
themselves followed quite different evolutionary paths regarding DNA transfer (Richardson and 
Palmer 2007; Smith 2011; Sanchez-Puerta 2014). The mitochondrial genome has been coined 
“promiscuous” (Stern and Lonsdale 1982), readily accepting DNA through IGT from both 
plastome and nuclear genomes and through HGT from foreign genomes (Richardson and 
Palmer 2007; Hao et al. 2010; Mower et al. 2010; Rice et al. 2013; Xi et al. 2013; Wang et al. 
2015). Conversely, the plastome can be considered “chaste,” as IGT to the plastome is 
extremely rare (Rice and Palmer 2006) and HGT has never been reported. The rare cases of 
IGT into the plastome have so far only been reported for algal plastids (Sheveleva and Hallick 
2004), one subfamily of Apocynaceae (Straub et al. 2013), and some members of the plant 
family Apiaceae (Goremykin et al. 2009; Iorizzo et al. 2012; Downie and Jansen 2015). 
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Reduced Intracellular Gene Transfer in the Genomes of Sacred Lotus (Nelumbo nucifera) 
The influx of genomic DNA from next generation sequencing methods provides an 
excellent opportunity to study IGT across angiosperms. Currently, there are several species that 
have both of their organelle genomes published and, in many cases, these are from the same 
individuals. This permits a comparative analysis of the extent of IGT in angiosperms. The recent 
publication of the Nelumbo nucifera nuclear genome (Ming et al. 2013) provided an opportunity 
to investigate the frequency and type of intracellular gene transfer among all three genomes in a 
basal eudicot. Understanding how often and what is transferred through IGT can help 
understand the processes of evolution acting on plant genomes.  
 
The Plastomes of Anethum graveolens, Foeniculum vulgare, Carum carvi, and Coriandrum 
sativum (Apiaceae): Characterization of Inverted Repeat Changes 
 
The difference in gene transfer between the organelle genomes is likely related to the 
morphology and sequence evolution of the genomes themselves (Smith 2011). Evolution within 
the plastome occurs mostly through point mutations with few gene order changes, whereas the 
mitochondrial genome frequently undergoes changes in gene order. The DNA mutation rate 
among genomes also varies. The mitochondrial genome has the lowest rate, followed by the 
plastome, then the nuclear genome (Wolfe et al. 1987). Both chloroplast and mitochondrial 
genomes can each usually be assembled as a “master” circle (Fig. 1.1). However, mitochondrial 
genomes are far more complex (Table 1.1), with the majority investigated thus far having a 
multipartite organization of interconverting small and large circular genomes due to large 
duplications (Lonsdale 1984; Palmer and Shields 1984; Sugiyama et al. 2005). These 
duplications also cause the size of mitochondrial genomes to vary by hundreds of thousands of 
base pairs (Palmer 1990; Alverson et al. 2010). This complexity has led to a lag in mitochondrial 
genome publication. 
3 
Differences in plastome sizes are due primarily to small fluctuations in the amount of 
DNA contained within its large inverted repeat (IR). Most angiosperm plastomes have two single 
copy regions—a large single copy (LSC) region and a small single copy (SSC) region—that are 
flanked by IRs (Fig. 1.1). The boundaries where these single copy regions meet the IR can be 
variable, even exhibiting dramatic shifts in position. Boundaries are defined by where DNA 
duplication ends and single copy DNA begins. “Shifts” in the boundary imply a change from the 
angiosperm ancestral state resulting in more or less DNA being duplicated. Small changes in IR 
size (< 100 bp) are common (Goulding et al. 1996), while large expansions and contractions (> 
1 kb) without IR loss are rare (Palmer et al. 1987; Raubeson and Jansen 2005; Hansen et al. 
2007; Guisinger et al. 2011). Despite the general rule that the chloroplast has very stable gene 
adjacencies (Palmer 1985, Palmer 1991, Raubeson and Jansen 2005), these four junctions, 
where the IR meets the single copy regions, can be dynamic in some taxa (Palmer 1985; 
Palmer et al. 1987; Goulding et al. 1996; Cosner et al. 1997; Plunkett and Downie 2000; Hansen 
et al. 2007; Lee et al. 2007). 
Apiaceae are one of the few angiosperm families to have a dynamic IR (Plunkett and 
Downie 1999, 2000; Downie and Jansen 2015). Within Apioideae, the largest subfamily of 
Apiaceae, the plastid genome has changed dramatically over time. Mapping studies of the 
chloroplast genome have shown that members of the apioid superclade of subfamily Apioideae 
have diverse IR boundaries (Plunkett and Downie 1999, 2000). These boundary differences 
affect the length of the IR and gene adjacencies on the JLA side of the genome. Thus far no 
research has been done at the sequence level to determine the mechanisms of IR change in 
this group. In some species there is an insertion of novel DNA that has high sequence similarity 
to mitochondrial DNA. As such, Apiaceae provide an ideal system in which to study chloroplast 
genome promiscuity. My research uses Apiaceae as a model system to determine mechanisms 
of IR change and investigate plastome IGT within the family. 
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The Phylogenetic Utility of Plastome Rare Genomic Changes, Plastid Gene Regions psbM–
psbD and psbA–trnJ, and Nuclear Gene PHYA in Resolving Relationships Within the Apioid 
Superclade of Apiaceae Subfamily Apioideae 
 
The apioid superclade comprises 14 tribes and other major clades (Downie et al. 2010). 
Several plastid genes and non-coding DNA regions, as well as the nuclear ribosomal DNA 
internal transcribed spacer (ITS) region, have all been used as markers to study Apioideae 
phylogenetic relationships. While these studies have contributed greatly to a broad 
understanding of its evolutionary history, uncertainties remain with regard to the backbone 
relationships of the apioid superclade and other deep-level relationships within the group 
primarily because of a paucity of phylogenetically informative characters (reviewed in Downie et 
al. 2001, 2010). Currently, in the absence of a well-resolved phylogeny, it is unclear when 
plastome changes first occurred and what clades they support. Well-resolved phylogenies are 
critical when addressing hypotheses of character evolution. Therefore, a goal of this research 
was to place the rare genomic changes described in Chapter 3 into an evolutionary context by 
generating a new and robust phylogeny for the apioid superclade using two new plastid markers 
(psbM–psbD and psbA–trnH), rare genomic changes in the plastome (including changes in 
gene synteny at JLA, inversions, and IGT events), and the nuclear gene phytochrome A. 
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Tables and Figures 
Table 1.1  Organelle genome sizes for Arabidopsis, Citrullus (cucumber), 
Daucus (carrot), and Zea mays (maize). Two subspecies of maize are included 
to demonstrate that large differences in size can be found in mitochondrial 
genomes within the same species. 
 
Taxon Mitochondrial genome size (kb) and 
GenBank accession number 
Chloroplast genome size (kb) and 
GenBank accession number 
Arabidopsis 
thaliana 
036.7 (NC_001284) 15.4 (NC_000932) 
Citrullus lanatus 168.5 (NC_014043) 15.5 (NC_007144) 
Daucus carota 
subsp. sativus 
028.1 (NC_017855) 15.6 (NC_008325) 
Zea mays subsp. 
mays 
057.0 (NC_007982) 14.0 (NC_001666) 
Zea mays subsp. 
parviglumis 
068.0 (NC_008332) No data 
  
9 
a  b 
  
Fig. 1.1  Comparison of angiosperm plastid and mitochondrial genomes. (a) Typical genome 
configuration of an angiosperm plastome. The boundaries where single copy regions meet the 
IR can be variable (JLA = junction at the large single copy and inverted repeat a; JLB = junction at 
the large single copy and inverted repeat b; JSA = junction at the small single copy and inverted 
repeat a; JSB = junction at the small single copy and inverted repeat b. (b) Basic structural 
organization of an angiosperm mitochondrial genome. Subgenomic circles are possible through 
recombination at repeats 1 and 2 (shown as bold regions), breaking apart gene regions A and B 
into separate molecules. 
  
10 
CHAPTER 2: REDUCED INTRACELLULAR GENE TRANSFER IN THE GENOMES 
OF SACRED LOTUS (NELUMBO NUCIFERA) 
 
Abstract 
 Intracellular gene transfer from the organelles into the nuclear genome and from the 
plastome and nuclear genome into the mitochondrial genome is an ongoing and dynamic 
process; however, the amount, location, and timing of these transfers are different in all species 
examined thus far. The basal eudicot Nelumbo nucifera ‘China Antique’ genome was 
sequenced and its organelle genomes were captured bioinformatically and assembled and 
annotated. Herein, I describe these organelle genomes, compare both intra- and interspecific 
patterns of variation with other taxa, and investigate intracellular gene transfers. The ‘China 
Antique’ plastome does not vary from the ancestral angiosperm plastome in its structural 
organization and gene arrangement, the draft mitochondrial genome has more smaller repeats 
than reported for other angiosperm mitochondrial genomes, but does not contain any large 
repeats, and the nuclear genome is depauperate in organelle DNA. The lack of large repeats 
within its mitochondrial genome may explain the few instances of plastid DNA introgression. The 
even distribution of nuclear genes may also be preventing successful integration and retention 
of organelle DNA. The nuclear genome of ‘China Antique’ has undergone only one paleo-
duplication and shows a reduction in its overall mutation rate. These factors along with seed 
longevity and vegetative propagation could be the cause of reduced levels of intracellular gene 




Nelumbo nucifera Gaertn., sacred lotus, is one of two species of aquatic plants in the 
family Nelumbonaceae. It is an economically and culturally important species native to Asia and 
Australia and is classified in the eudicot order Proteales, sister group to the core eudicots (APG 
III 2009). Nelumbo lutea (Willd.) Pers. is the other member of the family and is native to North 
America and the Caribbean. 
Nelumbo nucifera ‘China Antique’ is the most basal angiosperm eudicot to have its entire 
genome sequenced (Ming et al. 2013). Its nuclear genome has a slow rate of evolution and 
lacks the paleo-triplication found in core eudicots (Jiao et al. 2012; Ming et al. 2013). The 
species is commonly cultivated, with several hundred cultivars described (Xue et al. 2012). It 
has exceptionally long-lived seeds, with seedlings that are initially very fragile but quickly 
becoming hardy (Shen-Miller 2002a; Shen-Miller et al. 2002b). The plants are mostly 
vegetatively propagated (Guo 2009). In addition to extraordinary seed longevity (Shen-Miller et 
al. 2002b), N. nucifera is known for having extremely hydrophobic leaves (Ensikat et al. 2011). 
Next generation sequencing (NGS) technologies have allowed for faster acquisition and 
processing of sequence data than ever before, and algorithms have advanced to handle repeats 
and assembly without detailed mapping from BAC libraries. These technological advances have 
led to numerous plant genomes being sequenced; however, less than 10 of these have 
complete sequence for plastid and mitochondrial organelle genomes as well. Having sequence 
data from three genomes within and individual organism permits their comparative analysis, 
including studies of intracellular gene transfer (IGT). In angiosperms, intracellular transfer of 
DNA is frequent, but the directionality of the transfer is biased (Leister 2005). Nuclear and 
mitochondrial genomes often accept foreign DNA, whereas plastomes generally do not (Rice 
and Palmer 2006). The transfer of plastid and mitochondrial DNA into the nuclear genome 
began immediately after the origins of symbiosis and is an ongoing process (Martin and 
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Hermann 1998; Gould et al. 2009), such that all plant nuclear genomes have varying levels and 
ages of organelle DNA content (Blanchard and Schmidt 1995; Martin 2003; Timmis et al. 2004). 
This DNA is termed NORG, nuclear organellar DNA, and can be categorized according to which 
organelle genome donated the DNA, either nuclear mitochondrial DNA (NUMT) or nuclear 
plastid DNA (NUPT). The largest intact NUMT is a 620 kb fragment in Arabidopsis thaliana 
(Stupar et al. 2001) and the largest NUPTs are 33 kb and 131 kb fragments in rice (Guo et al. 
2008). Such insertions are not distributed evenly across nuclear chromosomes. DNA integration 
more often occurs in large chunks, each several thousand nucleotides in size or in concatenated 
smaller fragments, rather than small transcripts being integrated individually (Yuan et al. 2002; 
Hazkani-Covo et al. 2010). The site of integration is often near centromeres (Matsuo et al. 
2005), or on single chromosomes such as chromosome 2 in Arabidopsis (Meinke et al. 1998; 
Lin et al. 1999; A.G.I. 2000) and chromosome 3 in Sorghum (Paterson et al. 2009). The overall 
amount of introgression reported is strongly correlated with nuclear genome size (Hazkani-Covo 
et al. 2010). 
Herein, I report on the N. nucifera plastid and mitochondrial genomes, as part of the N. 
nucifera ‘China Antique’ genome sequencing project (Ming et al. 2013). Specifically, I 
characterize the amount of NORGs present, investigate the amount of plastid DNA within the 
mitochondrial genome (MTPT), and compare its mitochondrial genome to those of other 
eudicots. I also compare its plastome to previously published plastomes of N. nucifera and N. 
lutea to investigate rates and types of mutations occurring among them. To investigate other 
instances of IGT in angiosperms, I examine seven published genomes (GenBank database 
accessed July 20, 2014) for which annotated mitochondrial and plastid genomes are also 
available. These angiosperms include three grasses (Oryza sativa, Sorghum bicolor, and Zea 




Materials and Methods 
DNA Isolation and Sequencing 
Etiolated leaf tissues were used for nuclei preparation as per Ming et al. (2013). Whole-
genome shotgun sequencing was done at the University of Illinois Roy J. Carver Biotechnology 
Center (www.biotech.uiuc.edu/htdna). As described in Ming et al. (2013), several rounds of 
Illumina Solexa sequencing generated the majority of the raw data. Sequencing followed 
standard protocols used with the Illumina HiSeq 2000 sequencing system. Four paired-end 
Illumina libraries were created with inserts of 180 bp, 500 bp, 3.8 kb, and 8 kb. A paired-end 20 
kb insert library was also generated and used for nuclear scaffolding with the Roche/454 
circularization protocol. 454 sequencing was done using the 454 FLX+ system. Organelle 
specific reads were separated from nuclear reads bioinformatically. 
 
Plastome 
All available Nelumbo genomic data were included in the assembly of the plastome 
using reference guided assembly in the CLC GENOMICS WORKBENCH 4 (http://www.clcbio.com/). 
The unpublished plastome from Nelumbo nucifera (GenBank accession NC_015610) was used 
as the reference. The sequence depth of the aligned reads averaged >78,000 along the entire 
genome. Inverted repeat boundaries were confirmed by PCR amplification across boundaries 
followed by sequencing. The two LSC/IR boundary amplicons were aligned in CLUSTAL OMEGA 
(http://www.ebi.ac.uk/Tools/msa/clustalo/) and the point of mismatch was deemed the IR 
boundary (Raubeson et al. 2007). The same process of identification was used for determining 
the SSC/IR boundary. No additional PCR was necessary to improve the quality of the DNA base 
calls or to join contigs. Annotation was done using DOGMA (Wyman et al. 2004). The circular 
gene map was produced using CIRCOS V. 0.56 (Krzywinski et al. 2009). Gene synteny was 
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determined using Nicotiana tabacum as the reference (Shinozaki et al. 1986). Alignments of the 
newly generated ‘China Antique’ plastome and the four available Nelumbo plastomes (Xue et al. 
2012) were done using MESQUITE v. 2.75 (build 566) and the plug-in OPAL (Wheeler and 
Kececioglu 2007). Detailed differences among plastomes were identified in SEQUENCHER v. 5.0 
(http://genecodes.com/). Identification of repeat DNA was done using SSR-Extractor (Dolan 
unpublished) for identification of simple sequence repeats (SSRs), with a minimum size of 10 for 
mono- and dinucleotide repeats and 15 for trinucleotide repeats. Short dispersed repeats 
(SDRs) were identified in VMATCH v. 2.2.2 (http://www.vmatch.de/) using a Hamming distance 
of three and a minimum repeat size ≥ 30 bp. 
 
Mitochondrial Genome 
Putative mitochondrial contigs were created using the GS DE NOVO ASSEMBLER v. 2.6 
(Roche, USA). Any contig with a 20-fold higher than average coverage was investigated and 
verified using BLAST V. +2.2.28 alignment to conserved mitochondrial genic sequences. Contigs 
that had high sequence similarities to mitochondrial DNA were then used as a backbone for 
assembling Illumina paired-end reads. Illumina reads were assembled to 454 contigs using the 
CLC GENOMICS WORKBENCH. PCR primers were designed for the ends of these contigs and 
long-range PCR amplifications, followed by sequencing when appropriate, were done to try and 
complete the Nelumbo mitochondrial genome. Long range PCR was performed using Biolines 
RANGER DNA polymerase following the manufacturer’s protocol (http://www.bioline.com/). 
Annotation of the draft mitochondrial genome was done with the assistance of MITOFY (Alverson 
et al. 2010), which automates the search for known mitochondrial proteins and tRNAs using 
BLAST and TRNASCAN-SE. DOGMA was used to identify plastid genes or pseudogenes within 
the mitochondrial genome. When verifying exon boundaries using SEQUIN v. 12.3, the TAIR 
database (http://www.arabidopsis.org/) and the annotated Carica papaya (EU431224) and 
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Nicotiana tabacum (Sugiyama et al. 2005) genomes were used. The gene map was produced 
using CIRCOS (Krzywinski et al. 2009). Identification of repeat DNA was as described for the 
plastome. 
 The ‘China Antique’ mitochondrial genome was compared to mitochondrial genomes of 
Beta (Kubo et al. 2000), Arabidopsis (Unseld et al. 1997), Carica (EU431224), Glycine (Chang 
et al. 2013), Oryza (Notsu et al. 2002), Sorghum (Saski et al. 2007; Paterson et al. 2009), Vitis 
(Jansen et al. 2006, Jaillon et al. 2007, Goremykin et al. 2009), and Zea (Maier et al. 1995) for 
gene content, presence of shared DNA and plastid DNA, and proportion of repeat DNA. To 
compare the amount of DNA shared among genomes, BLASTN searches were performed with 
a length cutoff of 60 and a percent identity of 70. This was done to reduce the amount of repeat 
DNA matching by chance but still capture tRNA-length genes. BLASTN was also used to 
identify MTPT DNA with cutoffs for length and percent identity of 60 bp and 70%, respectively. 
 
DNA Introgression 
Although care was taken with the assembly of the Nelumbo nuclear genome (Ming et al. 
2013), there were many contigs in that final assembly and thus I am conservative in 
determination of introgression because of the possibility of organellar DNA contamination. 
Nuclear contigs were screened for NORGs using both high (penalty -3, reward 1, gapopen 5, 
gapextend 2) and low (penalty -4, reward 5, gapopen 8, gapextend 6) stringency searches using 
BLAST, with a word size of 11 and a percent identity cutoff of 90 (Rice et al. unpublished). 
These searches capture only recent incorporation of organellar DNA, but the certainty of 
correctly identifying an actual introgression is higher. Only matches larger than 100 bp were 
considered, helping to eliminate false instances of introgression. If a nuclear region matched 
several organelle regions, only the best match (based on e-value and length) was reported. The 
same searches were performed using the mitochondrial genome as the subject of the plastome 
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query. The overall percentage of intracellular gene transfer was calculated for each type of 
transfer, enabling a direct comparison of how much of the genome is composed of foreign DNA. 
 
Comparison of NORGs Among Published Genomes 
All genomes published (as of July 20, 2014) that had both organelle genomes 
sequenced were used for a comparative study of organellar DNA introgression. These include 
Arabidopsis (Unseld et al. 1997; Lin et al. 1999; Mayer et al. 1999; Sato et al. 1999; Salanoubat 
et al. 2000; Tabata et al. 2000; Theologis et al. 2000), Carica (Ming et al. 2008; Rice et al. 
unpublished), Glycine (Saski et al. 2005; Schmutz et al. 2010; Chang et al. 2013), Oryza 
(Hiratsuka et al. 1989; Notsu et al. 2002; Tanaka et al. 2008), Sorghum (Saski et al. 2007; 
Paterson et al. 2009), Vitis (Jansen et al. 2006; Jaillon et al. 2007; Goremykin et al. 2009), and 
Zea (Maier et al. 1995; Clifton et al. 2004; Schnable et al. 2009). BLASTN searches between the 
plastid and nuclear genomes were done using only one copy of the IR. Searches of the 
mitochondrial genomes were done without removal of duplications, which may lead to a slight 
overestimate of the amount of nuclear introgression. Analyses were done using both low and 
high stringency parameters as outlined above. As with the Nelumbo comparisons, the amount of 
plastid DNA in the mitochondrial genome (and visa versa) was also calculated using a percent 
identity cutoff of 90 and both low and high stringency searches. 
 
Results 
‘China Antique’ Plastome 
Coverage of the N. nucifera ‘China Antique’ plastome was very deep, with a maximum 
depth of 78,699 reads and an average of 70,000, and assembly of these data resulted in a 
single plastid contig. The ‘China Antique’ plastome (GenBank accession NC_025339) is 
163,330 bp in size (Fig. 2.1). The large single copy (LSC), small single copy (SSC), and inverted 
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repeat (IR) regions each span 91,910 bp, 19,358 bp, and 26,031 bp, respectively (Table 2.1). 
The plastome codes for 115 genes, of which 34 are RNA and 17 are completely contained 
within the IR. The genome is wholly collinear with the Nicotiana tabacum plastome, with all IR-
single copy junctions occurring in the same relative positions (Shinozaki et al. 1986). The only 
inconsistent feature of the ‘China Antique’ plastome in comparison to Nicotiana is that the gene 
rpl2 has undergone a mutation at the accepted start codon location. Instead of the codon ATG 
in that position, the codon is ACG. The closest alternative start codon is 12 bp upstream and 
this is an ATA codon. 
The plastome of ‘China Antique’ has 30 short dispersed repeats (SDRs), with the SSC 
and IR regions lacking short inverted repeats (Fig. S2.1). The longest SDRs in the LSC, SSC, 
and IR regions are 74 bp, 33 bp, and 85 bp, respectively. There are 46 simple sequence repeats 
(SSRs), the majority of which are A/T mononucleotide repeats (Table S2.1). 
 
Comparison of Nelumbo Plastomes 
The N. nucifera ‘China Antique’ plastome was compared to four complete plastomes of 
N. nucifera and N. lutea (Xue et al. 2012). All Nelumbo plastomes are collinear and share the 
same alternate start codon identified for the ‘China Antique’ rpl2 gene. Plastomes from the three 
N. nucifera accessions range in size from 163,307 bp to 163,639 bp, representing a 332 bp size 
difference, while plastomes from the two N. lutea accessions range in size from 163,206 bp to 
163,510 bp, representing a 304 bp size difference (Table 2.1). Plastome size range differences 
do not reflect species designations and there is a 433 bp disparity in size between plastomes of 
N. nucifera and N. lutea. The smallest and second largest plastomes belong to N. lutea, while 
the two middle-sized and largest plastomes belong to N. nucifera. These size differences not 
only vary among accessions, but also among genome compartments. ‘China Antique’ 
18 
(NC_025339) has the largest LSC region, the two other N. nucifera accessions have the largest 
IRs, and N. nucifera accession JQ336993 has the largest SSC region (Table 2.1). 
An alignment of the five plastome sequences was examined for point mutations, indels, 
and repeat motif length differences. While the locations of repeat regions are shared among all 
accessions, variation in repeat size occurs within and between species (Fig. 2.2). ‘China 
Antique’ has the most SDRs among all accessions (30) and the three N. nucifera accessions 
have the most (17-22) and largest (85 bp) direct repeats. The N. lutea accessions have the 
largest number of inverted repeats (11-12). 
Two of the three N. nucifera accessions (NC_025339 and JQ336993) have identical 
numbers of SSRs (46), although their composition is slightly different. One additional SSR was 
detected in N. nucifera accession NC_015610. Both N. lutea accessions have 54 SSRs, but with 
fewer C+G motifs than in N. nucifera. The N. lutea accessions also have an additional 
trinucleotide SSR not detected in N. nucifera. 
 Most of the sequence variation detected among the five Nelumbo accessions occurs 
within the first 20 kb of the LSC region. These differences are due to several small, tandem 
repeats, averaging about 6 bp in length, and varying lengths of the SSRs. Additionally, for the N. 
nucifera accessions, there is a 167 bp insertion in the psbA and trnK intergenic spacer and a 
176 bp insertion between ndhC and trnV. The trnT-trnE intergenic spacer is also variable in 
length, ranging between 827 bp in N. nucifera and 1018 bp in N. lutea. Furthermore, 
intraspecific variation is apparent, with length differences of 17 bp and 8 bp occurring in 
accessions of N. lutea and N. nucifera, respectively. The most striking variable region within the 
trnT-trnE spacer is a 127 - 293 bp tandem, imperfect, A+T repeat. In N. lutea this repeat is 264 
– 293 bp in size, much larger than the 127 – 134 bp repeat occurring in N. nucifera. In addition, 
within this large repeat, N. nucifera has an inverted repeat of 54 bp in accessions NC_025339 
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and NC_015610, but not in JQ336993, and an inverted repeat of 64 bp in N. lutea accession 
JQ336992, but not in NC_015605. 
 Plastomes from two of the three N. nucifera accessions have identical IR lengths, while 
the ‘China Antique’ IR has 34 fewer nucleotides (Table 2.1). This difference is due to one bp 
difference in a mononucleotide repeat, a 15 bp indel, a 6 bp difference in the LSC/IR boundary, 
and a 15 bp contraction of the ‘China Antique’ SSC/IR boundary. IRs of the N. lutea accessions 
differ in length by only two nucleotides. This variation is due to a 6 bp difference in the LSC/IR 
boundary and a 4 bp difference in the SSC/IR boundary. Comparisons between the IRs of N. 
nucifera and N. lutea result in a total of 91 differences, including 14 point mutations, that are 
largely attributable to small changes in IR boundary positions (≤ 15 bp) and variations in 
mononucleotide repeat length. 
Among the three plastome compartments, the size of the SSC region differs most across 
all accessions (up to 290 bp in N. nucifera and 269 bp in N. lutea; Table 2.1). Within N. lutea, 
SSC size differences are explained by three indels, two repeats, and positions of the SSC/IR 
junctions. In N. lutea JQ336992 there is a 282 bp insertion in the ndhA intron, whereas in N. 
lutea NC_015605 this insertion is only 22 bp in size. Surprisingly, N. lutea accession JQ336992 
shares the same large insertion within the ndhA intron as does N. nucifera accession 
JQ336993. This insertion is not found in the other Nelumbo plastomes. An additional difference 
between the two species includes the amount of ycf1 retained within the SSC region (25 bp). 
The remaining length variations are accounted for by differences in repeat DNA. 
 The majority of point mutations occur within the LSC region (Table S2.2). There are 
fewer mutations from C to G and from G to C than any other point mutation. Mutations from T to 
A, A to T, and T to G are the most prevalent. This trend of minimal C/G mutations is consistent 
within all plastome compartments. Within the two single copy regions the percentage of types of 
mutations is similar, with the exception of T to A mutations that occur twice as often in the LSC 
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region, even when the large size of this region is accounted for. Within the IR, A to C mutations 
are the most frequent, followed by T to C mutations. 
 
‘China Antique’ Mitochondrial Genome 
The initial draft of the N. nucifera mitochondrial genome consisted of 21 contigs totaling 
approximately 450 kb. The final draft genome has 12 contigs and 454,603 bp (Fig. 2.3; 
GenBank accessions AQOG01058426-AQOG01058443). The contigs are oriented and ordered 
as they are hypothesized to be joined based on evidence from PCR and scaffolding. The 
exception is contig 12, shown as separate from the remaining contigs, which has no supported 
connectivity with the rest of the genome. Within these 12 contigs, 43 protein coding genes were 
identified, including 2 rRNAs, and 22 tRNAs (Table S2.3). There are also 14 mitochondrial gene 
fragments (called pseudogenes herein) that are likely partial or degenerate duplications. The 
‘China Antique’ mitochondrial genome has all of the expected protein coding genes, with the 
exception of nad6. 
Within the draft genome there are numerous plastid-derived pseudogenes (10 protein 
coding and one tRNA) termed MTPTs (Smith 2011; Wang et al. 2012; Sloan and Wu 2014). 
Transfer RNA genes that are plastid-derived (labeled “-cp” in Table S2.3) are counted as 
mitochondrial genes due to their incorporation and probable use by the mitochondrial genome 
(Dietrich et al. 1996; Adams et al. 2002). Other MTPTs within the mitochondrial contigs, such as 
rRNA genes and protein-coding pseudogenes, are counted as plastid-derived pseudogenes, as 
they are unlikely to be transcribed or translated due to their fragmented nature. 
Coding sequence was not evenly dispersed among contigs. Contig 5 has no complete 
genes, while contigs 3, 6, 9, 11, and 12 have at least 6 coding regions and contig 1 has 20 (Fig. 
S2.2). Contig 1 also has the most protein-coding genes and tRNAs, contig 4 has the most 
rRNAs, and contig 3 has the most pseudogenes. 
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Within the draft mitochondrial genome, 95 SSRs were detected (Table 2.2). 
Mononucleotide repeats are dominated by A+T motifs, both in abundance and in length. There 
is more diversity in the number and base pair composition of dinucleotide repeats than of 
mononucleotide repeats. Dinucleotide repeats with an AG or GA motif are the most prevalent, 
while the longest repeat had 9 AT/TA duplications. There are only 5 instances of trinucleotide 
repeats. ‘China Antique’ has over 3,000 small SDRs (between 30 and 50 bp) and hundreds of 
larger SDRs. However, there are no repeats larger than 1 kb within the draft genome. Direct and 
inverted repeats are equally represented in all size classes.  
 
Comparative Mitochondrial Genomics 
Of the complete mitochondrial genomes available on GenBank, the closest relative to 
Nelumbo is Beta of the family Amaranthaceae (Kubo et al. 2000). The Beta mitochondrial 
genome has 29 protein coding genes, all of which are shared with Nelumbo with the exception 
of tatC, which is found only in Beta. Nelumbo has 12 additional protein coding genes predicted. 
There are 20 tRNA genes in common between the two genomes. However, there are several 
tRNA genes predicted for Nelumbo that are not predicted for Beta. Beta has only one tRNA that 
is not predicted in Nelumbo. The rRNA genes are conserved. Broadening the comparison 
reveals that ‘China Antique’ has more duplications of mitochondrial protein-coding genes in the 
form of gene fragments than the other mitochondrial genomes considered herein (Table S2.3). 
However, when plastid pseudogenes are considered, Vitis has the most (69). 
‘China Antique’ has 4 to 16 times more repeats 30-50 bp in length than any of the other 
seven mitochondrial genomes (Table 2.3). Vitis and ‘China Antique’ have the most similar 
pattern in repeat size, with all dispersed repeats less than 1 kb. Carica and Glycine have fewest 
small repeats (less than 1 kb), but also have several of the largest repeats (1 – 20 kb). The 
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monocot genomes have the largest repeats, with Oryza having a single direct repeat of over 40 
kb in size. The largest inverted repeat occurs in Zea (16,870 bp). 
Examining the percentage of mitochondrial DNA shared in pairwise comparisons, ‘China 
Antique’ shares more DNA with Vitis (30.84%) than it does with its closest relative Beta 
(20.53%; Table S2.4). ‘China Antique’ has the least similarity to Zea (19.09%) and Arabidopsis 
(19.12%). Taxonomy is not a good predictor of how much DNA will be shared among taxa. 
Sorghum and Oryza share with Zea 56.20% and 47.28% of their DNA, respectively, and Zea 
shares 46.23% of its DNA with Sorghum; however, the Oryza and Sorghum genomes have only 
17.06 - 17.86% of their DNA in common, depending on the directionality of the comparison.  
 
Plastid-Derived Mitochondrial DNA 
Within ‘China Antique’ there are MTPTs in six of the 12 mitochondrial contigs (Fig. 2.3; 
Fig. S2.2). The majority of these are rRNA and photosystem pseudogenes. Carica and Zea 
each have over 12 kb of contiguous MTPTs within their mitochondrial genomes. Sorghum, 
Oryza, Nelumbo, and Vitis all have MTPTs ranging from 1 – 6 kb. Arabidopsis and Glycine have 
smaller fragments of plastid DNA, all under 1 kb. These fragments, when summed and divided 
by the total size of the genome, are reported as percentages of introgression in Table 2.4. 
Amongst ‘China Antique’, Arabidopsis, and Glycine, the total percentage of MTPT within the 
mitochondrion is comparable, at 1 to 1.6% (Table 2.4). The Vitis mitochondrial genome has the 
highest percentage of MTPT (8.14%), followed by the monocot species at 4.32 – 7.07%. 
 
Organelle DNA Introgression Into the Nuclear Genome 
The total percentage of NUPTs within ‘China Antique’ was low (Table 2.4). There are 
only 143 instances of transfer in this direction, totaling 35,836 bp (93.7% of which is non-coding 
DNA). This amount of introgression is less than that detected in the other species. Identified 
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fragments range in size from 101 to 1128 bp (Fig. 2.4). Among the eudicots there are no NUPTs 
larger than 8 kb (Glycine). Carica, Glycine, and Vitis all have comparable percentages of 
NUPTs (0.052 – 0.088%). Characterization of NUPTs differs among eudicots examined: Glycine 
has fewer, larger NUPTs; Carica and Vitis have more, shorter fragments. Within the monocot 
genomes, Zea has more, larger fragments (≥30,000 bp) than either Oryza or Sorghum, although 
Oryza has the most NUPTs overall (0.267% of the nuclear genome). 
In ‘China Antique’, there are 126 instances of NUMTs for a total of 29,163 bp (Table 2.4). 
There are fewer NUMTs in ‘China Antique’ than in any of the other species (Fig. 2.4). Within 
‘China Antique’ the majority of NUMTs match non-coding DNA (78.7%), with their sizes ranging 
from 100 to 1172 bp. There are only 23 NUMTs that match mtDNA coding sequence and these 
range in size from 105 to 729 bp. The largest fragments of organelle DNA within the nuclear 
genome tend to be mitochondrial in origin and the ratio is especially biased in the eudicot 
genomes analyzed. Within these genomes, Arabidopsis has the most NUMTs with 0.411% of 
the nuclear genome made up of mitochondrial DNA. Arabidopsis also has the largest NUMTs. 
The monocot genomes have a broader size range of NUMTs than the eudicots. As with NUPTs, 
Oryza has the most NUMTs, totaling 0.252% of the nuclear genome. While Oryza has the most 
total base pairs of NUMT DNA, Zea has the largest fragments and is the only monocot genome 
to have NUMT fragments ≥ 30 kb. 
 
Discussion 
‘China Antique’ Plastid Genome and Intraspecific Comparisons 
Nelumbo nucifera ‘China Antique’ has a typical land plant plastome, with no structural 
mutations or gene adjacency changes from plastomes having an organization considered 
ancestral within angiosperms, such as Amborella trichopoda (Goremykin et al. 2003) and 
Nicotiana tabacum (Shinozaki et al. 1986). The only inconsistency is the alternative start codon 
24 
hypothesized for the gene rpl2, where the codon ATG is replaced by ACG. This same point 
mutation occurs within all other accessions of Nelumbo, as well as in many other land plants 
(such as Amborella, some magnoliids, Chloranthaceae, Ceratophyllaceae, some monocots, and 
some core eudicots), therefore the presence of an ACG start codon in Nelumbo is not 
remarkable. 
 Differences among the five Nelumbo plastomes are due primarily to point mutations, 
several large indels, and repeat motif length differences. Repeat DNA, specifically 
mononucleotide repeats adjacent to IR boundaries, is likely the cause of the observed, small 
boundary shifts. Xue et al. (2012) investigated SSR diversity in Nelumbo and reported 38 SSR 
loci, eight fewer than are present for ‘China Antique’ and 16 fewer than in N. lutea. The methods 
used by Xue et al. (2012) and ourselves to detect SSRs require motifs to repeat at least five 
times; in our study, however, these anlyses required a minimum length of 10 bp for 
mononucleotide repeats, whereas they only required six. The SSR Hunter v. 1.3 (Li and Wan 
2005) program used by Xue et al. (2012) appears to be underestimating the total number of 
SSRs. Unsurprisingly for an A+T rich plastome, the majority of SSRs are A’s or T’s. ‘China 
Antique’ has 30 SDRs and this number is comparable to what has been reported for the 
plastomes of Arabidopsis (Sato et al. 1999), Vitis (Jansen et al. 2006), Sorghum (Saski et al. 
2007), Oryza (Hiratsuka et al. 1989), and Zea (Maier et al. 1995). 
 Other than the search for microsatellite loci in the plastomes of four populations of 
Nelumbo (Xue et al. 2012), this is the first study to report on intraspecific plastome variation 
within the Proteales. Indeed, such studies of plastome intraspecific variation in other major 
lineages of flowering plants are generally few. Cultivars of Solanum lycopersicum, Jacobaea 
vulgaris, and Oryza sativa var. indica, as examples, have a much lower plastome genetic 
diversity than what is reported for Nelumbo lutea or Nelumbo nucifera (Tang et al. 2004; Kahlau 
et al. 2006; Doorduin et al. 2011). The only other study of intraspecific comparisons to find 
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similar levels of SNPs and sequence length differences is that of Colocasia esculenta (Ahmed et 
al. 2012). However, these length differences are due mostly to where rps19 straddles the IR. In 
Nelumbo, the IR has a more conserved length, with variation in size related to a large insertion 
within the ndhA intron plus other smaller indels. 
At the intrageneric level, a comparison of chloroplast genomes of Camellia species 
shows the same trend of low diversity among individuals (Yang et al. 2013). In contrast, the 
differences in length and SNPs between the two Nelumbo species are similar to what was found 
among 12 Gossypium (Xu et al. 2012) and seven Camellia species (Yang et al. 2013). 
Additional intrageneric studies are necessary to determine if the levels of divergence seen 
between Nelumbo nucifera and Nelumbo lutea are high or low in relation to what has been 
reported in other genera. 
 In N. lutea JQ336992 and N. nucifera JQ336993 there is a 282 bp insertion in the ndhA 
intron that is not present in the other Nelumbo plastomes. It is surprising that these two 
accessions share this insertion while the other three do not. The original publication of Nelumbo 
plastid microsatellites does not detail the variety or cultivar names of the Nelumbo accessions 
examined (Xue et al. 2012). If such information was known, then paternal relationships of the 
accessions could provide hypotheses as to why JQ336992 and JQ336993 share this insertion 
while the other accessions do not. There is strong potential for interspecific hybridization during 
cultivation and without further information on source material, paternal and maternal 
contributions to the genome cannot be explored. 
 
‘China Antique’ Mitochondrial Genome and Comparative Mitochondrial Genomics 
The draft mitochondrial genome of ‘China Antique’ has all of the expected genes for an 
angiosperm with the exception of nad6. This is noteworthy considering nad6 is present in all 
other genomes examined. Therefore, it is likely that a small portion mitochondrial genome 
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containing this region is missing. Comparing the location of nad6 in other genomes is not helpful 
in knowing what portion or if any of the ‘China Antique’ genic sequence is potentially missing, 
because the position and gene adjacencies of nad6 are different in all other genomes examined. 
 Each mitochondrial genome sequenced to date has a unique order of genes and genic 
content; however, there are some gene clusters that are conserved. For example, the gene 
clusters nad5-nad4L-ORF25 and nad2-rps12, predicted from early mitochondrial genome 
studies (Unseld et al. 1997), are broken up in ‘China Antique’. In Carica, Ming et al. (2008) 
reported that rrn5 and rrn18 are linked, as is the clustering of atp4-nad4L and cob-rps14-rpl5. 
Within ‘China Antique’, these same gene clusters are retained. In addition, the gene order rpl16-
rps3-rps19-rpl2 in ‘China Antique’ is collinear with that occurring in Nicotiana, Arabidopsis, Zea, 
and Vitis, as is the position of nad3 adjacent to rps12. 
Within the draft mitochondrial genome, coding regions tend to cluster and are not evenly 
distributed among or within the contigs. This clustering of coding DNA may help with retaining 
genic material since the mitochondrial genome is constantly rearranging, accepting, and losing 
DNA. If coding DNA is clustered there is less chance of rearrangements breaking up operons or 
otherwise disrupting essential processes required by the plant. 
The draft ‘China Antique’ mitochondrial genome has the smallest SDRs of the eight 
genomes compared. Monocot genomes tend to have larger and more SDRs than eudicot 
genomes, such as the 120 kb repeat in maize (Allen et al. 2007), while eudicot genomes have 
fewer large repeats. The differences in SDR number and size between the results I report herein 
and those from each of the original publications of the genomes I compared are due to the 
different parameters and algorithms used to determine amounts of shared and repeat DNA.  
Following the pattern established for genic and repeat DNA content, each mitochondrial 
genome has varying amounts of MTPTs. The process of intracellular transfer of nuclear or 
plastid DNA into the mitochondrion is useful since the successfully integrated genes have a 
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chance to develop new functions (Wang et al. 2012). However, this process is not essential to 
mitochondrial genome function, since only 1% of the Arabidopsis genome is attributed to MTPTs 
and another 4% of it is identified as being nuclear in origin (Unseld et al. 1997). The majority of 
MTPTs within ‘China Antique’ were identified as tRNAs and photosystem genes. The overall 
number of transfers was relatively low, especially in comparison to Glycine and Vitis. In the 
analysis of Glycine MTPTs, Chang et al. (2013) detected 7.1 kb of plastid DNA, while in Vitis 
almost 50% of the plastome is duplicated within its mitochondrial genome (Goremykin et al. 
2009). The amount of MTPT does not correlate to the number or sizes of repeat DNA currently 
present within the mitochondrial genomes. With the exception of the hypothesis relating to 
acquiring new gene function, little is known about why and how MTPTs occur. Additional 
empirical studies of the mechanism and frequency of DNA introgression into the mitochondrial 
genome, such as the studies of double-stranded break repair in Arabidopsis (Davila et al. 2011) 
and yeast (Ricchetti et al. 1999), are needed to further understand the processes involved in, 
and consequences of, MTPTs. 
As more mitochondrial genomes become available for analysis, it is clear that there are 
no rules for predicting how similar mitochondrial genomes may be, for even closely related 
species can have very different genomes (Kubo and Newton 2008; Darracq et al. 2011). 
Taxonomic relationship is a poor indicator of predicted size of a genome and the amount of 
shared DNA (Palmer et al. 2000; Alverson et al. 2010). Even with this caveat of mitochondrial 
genome non-comformity, given the completeness of the coding DNA found within the draft 
mitochondrial genome presented herein, it is likely that the majority of the genome is present. 
 
Comparison of Organelle DNA Introgression – NORGs 
Introgression of organellar DNA into the nuclear genome is not scattered across 
chromosomes but concentrated on only a few (Yoshida et al. 2013). As an example, in 
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Arabidopsis, chromosome 2 has large amounts of NUMTs (Lin et al. 1999). However, the large 
plastid insertion of 620 kb reported by Stupar et al. (2001) in Arabidopsis was not detected using 
our search methods – I found no NUPTs over 10 kb. This is likely due to the degenerative 
nature of the insertion and our search parameters, which found several smaller NUPTs rather 
than few larger ones. Within Glycine, NORGs were detected on all but one chromosome; 
however, introgressions were concentrated near centromeres and on chromosome 17 (Chang 
et al. 2013). Zea also has biases in location of NORGs, with NUMTs concentrated on 
chromosome 1 (25 of 43 fragments), but in discontinuous order from that occurring on its 
mitochondrial genome (Notsue et al. 2002). 
Among monocot genomes, only three grasses have annotated mitochondrial and plastid 
genomes available. Thus, it is unclear if the abundance of NORGs in Oryza is unique among 
monocots, or if similar large numbers might be found elsewhere. Among eudicots, Arabidopsis 
has the most NUMTs, while Vitis has many NUPTs. The amount of NORGs within ‘China 
Antique’ is much lower than that of other taxa, with less NUPTs and NUMTs. This paucity of 
NORGs begs the question – what is so different about N. nucifera? The composition of its 
nuclear genome is within expected norms, with all standard eukaryotic genes present and 
possession of a typical number of repeat elements (Ming et al. 2013). ‘China Antique’ is unique 
among eudicots in its gene distribution, rates of nucleotide substitution, and having only one 
paleo-duplication (Ming et al. 2013). With less of the genome available in ‘China Antique,’ it may 
be more difficult for integration to be retained in further generations (Wang and Timmis 2013). In 
addition, the ‘China Antique’ nuclear genome has a 30% reduction in genome-wide mutation 
rate in comparison to Vitis, and this may reduce the likelihood of successful organelle DNA 
integration into its nuclear genome (Ming et al. 2013). 
Double-stranded break repair is reported to be the most frequent mechanism causing 
NORGs (Hazkani-Covo et al. 2010). With the high density of coding sequence of the nuclear 
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genome and its low mutation rate perhaps there are fewer non-fatal double-stranded breaks and 
therefore fewer NORGs in Nelumbo. The mode of propagation of Nelumbo may also be a factor 
leading to the lack of NORGs, for the absence of sexual reproduction will result in fewer 
instances of integration. The sequencing of additional basal eudicots outside the core eudicot 
group, especially from within the ANITA grade and magnoliids, will help illuminate if the density 
of coding sequence or propagation methods affect the accumulation of NUMTs and NUPTs. 
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Tables and Figures 
Table 2.1  Comparison of genome compartment lengths (bp) in Nelumbo plastome accessions. 
 
  N. nucifera   N. lutea 
 
NC_025339 NC_015610 JQ336993 
 
NC_015605 JQ336992 
Total length 163,330 163,307 163,639 
 
163,206 163,510 
LSC 91,910 91,847 91,889 
 
91,759 91,798 
IR 26,031 26,065 26,065 
 
26,054 26,052 
SSC 19,358 19,330 19,620   19,339 19,608 
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Table 2.2  Number, length, and type of simple sequence repeats in the N. nucifera ‘China Antique’ mitochondrial genome. If length of 
a repeat motif is inapplicable, the cell was left empty. 
 







Length (bp) A/T C/G   AT/TA AC/CA AG/GA GT/TG TC/CT   AGG ATA ATT CTC TAT 
10 22 4 
 
4 1 9 2 1 
 
     
11 4 8 
 
           
12 6 4 
 
4 1 0 0 2 
 
     
13 6 2 
 
     
 
     
14 4 0 
 
0 0 1 0 1 
 
     
15 0 0 
 
     
 
1 1 1 1 1 
16 0 0 
 
0 0 0 0 1 
 
     
17 2 0 
 
     
 
     
18 0 0   1 0 0 0 0   0 0 0 0 0 








Antique’   Arabidopsis Carica   Glycine   Vitis   Oryza   Sorghum   Zea 
Length (bp) D I   D I 
 
D I   D I   D I   D I   D I   D I 





































































































































































>40,000 0 0   0 0   0 0   0 0   0 0   1 0   0 0   0 0 
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Table 2.4  Percentage (number of bp), hypothesized directionality, and type of intracellular gene 
transfer. Percentage of genome is calculated by dividing the total amount of NORG or 
plastid DNA by the total number of bp in a genome. 
 
 
NUPT NUMT MTPT 
‘China Antique’ 0.005 (35,836) 0.004 (29,163) 1.60 (7287) 
Arabidopsis 0.025 (29,441) 0.411 (490,157) 1.35 (4958) 
Carica 0.087 (236,657) 0.116 (315,447) 4.68 (22,324) 
Glycine 0.052 (492,127) 0.048 (461,158) 1.00 (4041) 
Oryza 0.276 (1,055,767) 0.252 (962,986) 7.07 (34,673) 
Sorghum 0.048 (335,216) 0.038 (264,436) 6.08 (28,506) 
Vitis 0.088 (414,379) 0.145 (679,983) 8.14 (62,953) 





Fig. 2.1  N. nucifera ‘China Antique’ plastome gene map. Blocks show location, adjacencies, 
gene type (provided in the legend), strandedness (genes on the inside of the circle are 





Fig. 2.2  Comparison of total number and lengths of direct and inverted repeats in the plastomes 
of ‘China Antique’ and four previously published Nelumbo accessions (Xue et al. 2012). Within 
‘China Antique’ one additional repeat is shared when the genome is compared as a whole 




































Fig. 2.3  N. nucifera ‘China Antique’ draft mitochondrial genome. Contigs are oriented in the way 
that they are hypothesized to assemble based on evidence from PCR and scaffolding. Contig 12 
is shown as separate because there is no supported assembly for this contig. Blocks show gene 
locations, adjacencies, type of gene, strandedness (genes on the inside of the circle are 


















































































































































































































Fig. 2.4  Total number and sizes of nuclear organellar DNA (NORGs) in: (a) monocot genomes, 
and (b) eudicot genomes. The total number of NORGs is shown as Log10 values due to the 
































































Supplementary Tables and Figures 
Table S2.1  Comparison of simple sequence repeats among Nelumbo plastomes. If length of a 
repeat motif is inapplicable, the cell was left empty. 
 
N. nucifera 'China Antique' accession NC_025339 
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 Total  30 3  8 2 2  1 
 
           N. nucifera accession JQ336993 
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 Total  30 3  8 2 2  1 
 
           N. nucifera accession NC_015610 
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 Total  31 3  8 2 2  1 
 
           N. lutea accession JQ336992 

































































Table S.2.1 (cont.) 
























   
 
0 0 
Total  40 1  7 2 2  1 1 
           N. lutea accession NC_015605 

























































   
 
  
Total  40 1  7 2 2  1 1 
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Table S2.2  Comparison of nucleotide changes in plastome compartments among the five Nelumbo accessions. The diagonals show 
conserved nucleotides among the plastomes. Numbers not on the diagonal show the amount, type, and direction of change of 
point mutations with reference to ‘China Antique’ (NC_025339). 
 
  Large single copy   Inverted repeat   Small single copy 
 
States In Compared Taxa 
 
States In Compared Taxa 
 
States In Compared Taxa 
NC_025339 A C G T   A C G T   A C G T 
A 142,902 88 61 152 
 
37,064 10 0 0 
 
32,805 22 28 36 
C 72 84,866 9 76 
 
3 27,241 0 7 
 
19 16,365 4 12 
G 67 10 80,965 63 
 
4 0 28,976 0 
 
20 0 14,954 22 
T 184 62 102 148,394   2 8 1 36,845   22 17 21 32,723 
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Table S2.3  Comparison of gene content in the draft Nelumbo mitochondrial genome and seven 
other angiosperm genomes used in introgression comparisons. Presence of a gene is 
indicated by the ‘+’ symbol, absence of a gene is indicated by a ‘-‘ symbol, and 
pseudogenes (duplications with internal stops or fragments) are indicated with ‘Ψ’. 
Superscript numbers denote the number of exons for each gene. Subscript numbers denote 
the number of duplications, if applicable. Due to the draft status of N. nucifera, if a gene was 





































































atp1 +2, Ψ + +, Ψ +3 + +2 +2 +2 
atp4 + + + + + + + + 
atp6 + +2 + +2 + + + + 
atp8 +2, Ψ2 Ψ + + + + + + 
atp9 +2, Ψ + +, Ψ + + + +2 + 
ccmB + + + + + + + + 
ccmC + + + + + +2 + + 
ccmFc +2 +2 +2 +2 +2 +2 +2, Ψ +2 
ccmFn + +2 +2 + + + + + 
cob + + + + + +2 + + 
cox1  +2, Ψ3 + +, Ψ + + + + + 
cox2  +3, Ψ2 +2 +2, Ψ + + +2 + +2 
cox3  + + + + + + + + 
matR  +, Ψ + +, Ψ + Ψ + + + 
mttB (orfX, tatC, 
ymf16) 
+ Ψ + + + + Ψ + 
nad1  +5 +5 +5 +5 +5 + +5 +5 
nad2  +4 +5 +5 +5 +5 +5 +5 +5 
nad3  + + + + + + + + 
nad4  +4 +4 +4 +4 +4 +4 +4 +4 
nad4L  + + + +2 + + + + 
nad5  +5, Ψ +5 +5 +5 +5 +5 +5 +5 
nad6   + + + + + +2 + 
nad7  +5, Ψ +5 +5 +5, Ψ2 +5 +5 +5 +5 
nad9  +, Ψ + + + + + + + 
rpl2  +2 +2 +2 - +2 Ψ Ψ + 
rpl5  + + + + + - + - 
rpl10  + - + - - - Ψ - 
rpl16  + + + + Ψ + + + 
rps1  + - + + + + + + 
rps2  + - +2 - + + Ψ + 
rps3  +2 +2 - +2 +2 +2 +2, Ψ2 +22 
rps4  + + + + + + + + 
rps7  + + + - + +2 + + 
rps10  + - +2 +2 - - +2 - 
rps11  + - - - Ψ - - - 
rps12  + + + + + + + + 
rps13  + - + - + + + + 
rps14  + Ψ + + Ψ - + - 
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Table S2.3  (cont.) 
 
  
rps19  +2 Ψ + - + - +2 - 
sdh3  +, Ψ - + - - - +, Ψ - 
sdh4  + Ψ Ψ - Ψ Ψ + Ψ 
Total number of 
protein-coding 
genes 
43 30 38 36 33 36 40 35 
Ala-cp  - - - - Ψ - Ψ22 
Arg   - - - - - - Ψ 
Arg-cp  - - - + - + Ψ2 
Asn  + - - + - - - - 
Asn-cp   + + + + + +2 +2 
Asp  + - - + + + + +, Ψ 
Asp-cp + + + + Ψ - + + 
Cys-bacterial   - - + - - - - 
Cys-cp  + - - - + + - + 
Cys-mt  + + + + + + + + 
Gln  + + + + - + + - 
Gln-cp  + - + + - + + 
Glu  + + + + +2 + + +2 
Gly  + + + + - - + - 
Gly-cp  - - - - - Ψ - 
His-cp  + + +, Ψ + + + + + 
Ile  + + + + + + + +2 
Ile-cp  + + +, Ψ - Ψ Ψ Ψ +22 
Leu  + - - - + Ψ - +, Ψ 
Leu-cp   - + - Ψ Ψ + +2 
Lys  + +2 + + + +2 + + 
Lys-cp  - - - - - Ψ + 
Met + - +, Ψ - - - - +2 
Met-cp  Ψ +2 + + +2 + + + 
fMet +2 + + +4 + + +2 + 
Phe  + +2 + +  - + - 
Phe-cp   Ψ2 Ψ - + + - + 
Pro   - + + +2 + + + 
Pro-cp   + +2 + +2 + +2 +, Ψ 
Ser  +3 +2 +2 + + +4 +2 + 
Ser-cp   +3 + - + + - - 
Thr-cp + Ψ2 Ψ Ψ - Ψ + Ψ 
Trp-cp   + +, Ψ + +2, Ψ + +2 - 
Tyr  + +3 + + + + +2 + 
Tyr-cp  - - - - - + - 
Val-cp   - - - Ψ Ψ - + 
rrn5   + + + + + + + 
rrn18 (rrnS) +4 + +, Ψ2 + + + + + 
rrn26 (rrnL) +5 + +, Ψ2 + + + +, Ψ + 
Total number of 
tRNAs 
22 27 23 24 25 22 29 29 
Total number of 
rRNAs 
2 3 3 3 3 3 3 3 
Total number of 
pseudogenes 
17 9 16 3 10 8 12 10 
accD-cp  - - - - - Ψ - 
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Table S2.3  (cont.) 
 
  
atpA-cp  - - - - - Ψ - 
atpB-cp  - - - Ψ Ψ Ψ - 
atpE-cp  - - - Ψ Ψ Ψ - 
atpF-cp  - - - - - Ψ - 
atpH-cp  - - - Ψ Ψ - - 
atpI-cp  - - Ψ - - Ψ - 
ccsA-cp  - - - - - Ψ - 
clpP-cp  - - - - - Ψ - 
cemA-cp  - - - - - Ψ - 
infA-cp  - - - - Ψ Ψ - 
matK-cp  - - - - - Ψ - 
ndhA-cp  Ψ Ψ Ψ - - Ψ - 
ndhB-cp  - Ψ2 - - - Ψ Ψ2 
ndhC-cp  - - - - Ψ - - 
ndhD-cp Ψ - - - - - Ψ2 - 
ndhE-cp Ψ - - - - - Ψ2 Ψ2 
ndhF-cp  - - - - - Ψ - 
ndhH-cp  - - - - - Ψ - 
ndhI-cp  - - - - Ψ - - 
ndhJ-cp  - - - Ψ - - - 
ndhK-cp  - - - Ψ Ψ2 - Ψ 
petA-cp  - - - - - Ψ - 
petB-cp  - Ψ - - Ψ Ψ2 - 
petD-cp  - - - - Ψ Ψ2 - 
petG-cp  - Ψ - - - Ψ2 - 
petL-cp  - - - - - Ψ2 - 
petN-cp Ψ - - - - - - - 
psaA-cp  Ψ - - - - Ψ - 
psaB-cp  - - - - - Ψ Ψ2 
psaC-cp  - - - - - Ψ - 
psaJ-cp  - - - - - Ψ - 
psbA-cp  Ψ - - - - Ψ Ψ 
psbB-cp  - - - - Ψ Ψ2 - 
psbC-cp Ψ3 - - - - - Ψ - 
psbD-cp Ψ - - - - - Ψ - 
psbE-cp  - - - - - Ψ - 
psbF-cp  - - - - - Ψ - 
psbH-cp  - - Ψ5 - - Ψ - 
psbJ-cp  - - - - - Ψ - 
psbL-cp  - - - - - Ψ - 
psbM-cp Ψ - - - - - Ψ - 
psbN-cp  - - - - - Ψ - 
psbT-cp  - - - - - Ψ Ψ 
rbcL-cp Ψ Ψ - Ψ Ψ Ψ Ψ Ψ 
rpoA-cp  - - - - Ψ Ψ - 
rpoB-cp  Ψ - - Ψ2 Ψ - - 
rpoC1-cp  - Ψ - Ψ Ψ2 - Ψ 
rpoC2-cp  - - - Ψ Ψ2 Ψ - 
rpl2-cp  - - - Ψ Ψ Ψ2 Ψ 
rpl14-cp  - - - Ψ Ψ2 Ψ - 
rpl16-cp  - - - - Ψ Ψ - 
rpl22-cp  - Ψ2 - - Ψ2 Ψ Ψ 
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Table S2.3  (cont.) 
 
  
rpl23-cp  - Ψ - Ψ Ψ - Ψ 
rpl32-cp  - - - - - Ψ - 
rpl33-cp  - - - - - Ψ - 
rpl36-cp  - - - - Ψ Ψ - 
rps3-cp  - Ψ - - - Ψ - 
rps4-cp   Ψ - Ψ - - - 
rps7-cp  - Ψ - - - - Ψ 
rps8-cp  - - - Ψ Ψ Ψ - 
rps11-cp  - - - - Ψ Ψ2 - 
rps12-cp  Ψ Ψ Ψ Ψ Ψ Ψ2 Ψ3 
rps15-cp  - - - - - Ψ - 
rps16-cp  - - - - - Ψ - 
rps18-cp  - - - - - Ψ - 
rps19-cp  - Ψ - Ψ Ψ Ψ Ψ 
ycf1-cp  Ψ - - - - Ψ - 
ycf2-cp Ψ - Ψ Ψ - Ψ2 - Ψ3 
ycf3-cp  - - - - - Ψ - 
ycf4-cp  - - - - - Ψ - 
4.5S-cp  - - - - - - Ψ 
5S-cp Ψ - - - - - - Ψ 
16S-cp Ψ Ψ2 Ψ2 Ψ Ψ Ψ2 Ψ3 Ψ3 
23S-cp  Ψ2 - Ψ - Ψ2 - Ψ4 
Total number of cp 
derived gene 
fragments 
10 7 15 10 17 32 69 21 
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Table S2.4  Percentage of mitochondrial DNA shared in pairwise comparisonsa. Higher values 
(bold) indicate more DNA in common, while lower values (red) indicate less shared DNA 
between the two mitochondrial genomes being compared. Percentages are derived from the 





Antique’ Arabidopsis Beta Carica Glycine Oryza Sorghum Vitis Zea 
‘China Antique’  23.69 25.30 26.39 24.77 22.77 19.28 18.13 15.24 
Arabidopsis 19.12  22.36 20.72 20.95 18.90 16.29 12.52 12.94 
Beta 20.53 22.47  23.42 23.65 20.44 16.82 13.84 14.11 
Carica 27.69 26.93 30.28  28.62 21.82 19.31 20.04 16.15 
Glycine 21.93 22.99 25.81 24.16  20.76 17.95 14.68 14.69 
Oryza 24.57 25.27 27.19 22.45 25.29  17.86 14.97 40.71 
Sorghum 19.87 20.80 21.38 18.97 20.89 17.06  12.64 46.23 
Vitis 30.84 26.39 29.01 32.49 28.20 23.60 20.85  15.63 
Zea 19.09 20.09 21.79 19.29 20.79 47.28 56.20 11.51  
 
a Percent identity between mitochondrial genomes calculated without masking repetitive DNA.  ! !
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Fig. S2.1  Number and length of short dispersed repeats (SDRs) within each of the three 
plastome compartments of N. nucifera ‘China Antique’. The LSC has the most SDRs and the 



















































CHAPTER 3: THE PLASTOMES OF ANETHUM GRAVEOLENS, FOENICULUM VULGARE, 
CARUM CARVI, AND CORIANDRUM SATIVUM (APIACEAE): CHARACTERIZATION OF 
INVERTED REPEAT CHANGES 
 
Abstract 
Land plant plastomes can be divided into three regions, two of which are single copy and 
the third a large inverted duplication known as the inverted repeat (IR). The boundary between 
the two single copy regions and the IR can vary by small amounts in closely related species and 
in some groups the variation in gene content within the IR is large. However, these larger 
fluctuations in gene content are rare and are only seen in a subset of eudicot families, such as 
the apioid superclade of Apiaceae subfamily Apioideae. The apioid superclade comprises 12 
tribes and other major clades and exhibits much variation in IR size. These sizes range from an 
expansion of a few thousand nucleotides to a contraction of over 16 kb. The mechanism(s) and 
timing of changes in IR size are unknown. Through sequencing of complete plastomes from 
Anethum graveolens, Foeniculum vulgare, Carum carvi, and Coriandrum sativum, and through 
sequencing the large single copy (LSC)–IR boundary in 34 additional species, I show that there 
are several mechanisms at work creating the dynamic IR changes seen. In Coriandrum (tribe 
Coriandreae), the IR was likely shortened as a result of double-strand break repair, supporting a 
mechanism previously suggested. In addition, Coriandrum has many repeats that may have 
contributed to additional changes near its IR boundaries. Short dispersed repeats are also 
implicated as a mechanism of IR change in the 34 additional species investigated. In Carum 
(tribe Careae) there is an IR boundary expansion, in addition to two small inversions. One of 
these inversions is near JLA and the other is between psbM and trnT. Anethum and Foeniculum 
(both tribe Apieae) do not have extreme IR boundary changes, elevated levels of repeat DNA, or 
inversions. Instead, these two plastomes contain unique DNA in the LSC region adjacent to JLA 
having high sequence similarity to mitochondrial non-coding DNA. A transfer of cpDNA from the 
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S10 operon into the mitochondrial genome may have donated a template for homologous 
recombination near JLA, leading to an insertion of non-coding mtDNA within these plastomes. 
This insertion may have also caused the small IR contraction seen in all examined members of 
tribe Apieae. These results shed new light on IR boundary changes and describe a potential 
new instance of angiosperm intracellular gene transfer from the mitochondrial genome to the 
plastome. For the 34 additional species investigated our data support double-strand break repair 




 The majority of angiosperm plastid genomes (plastomes) are highly conserved in 
structure and gene content. These plastomes share the same basic organization, with a large 
inverted repeat (IR) separating the remainder of the molecule into large single copy (LSC) and 
small single copy (SSC) regions. Belying this structural conservatism, the boundaries between 
the LSC and IR regions may be quite dynamic, resulting in gene adjacency changes. In a typical 
angiosperm plastome, the LSC–IR boundaries occur within or near rps19 of the S10 operon. 
This boundary has been termed JLB (Sugiura et al. 1986). At the other end of the LSC region, 
the interrupted rps19 gene located at the terminus of the IR is adjacent to genes trnH and psbA; 
this boundary has been termed JLA. Small changes in LSC–IR boundary positions of less than 
100 bp are frequent during angiosperm evolution (Goulding et al. 1996) whereas extreme 
contractions without a complete loss of the IR are rare (Palmer et al. 1987; Hansen et al. 2007; 
Guisinger et al. 2011). The plastomes of Apiaceae subfamily Apioideae are unusual among 
angiosperms in that they exhibit increased variation in the position of JLB (Palmer 1985; Plunkett 
and Downie 1999, 2000). 
Mechanisms proposed to explain IR structural changes include gene conversion and 
double-strand break repair (DSBR; Goulding et al. 1996; Odom et al. 2008) and recombination 
facilitated by repetitive DNA (Palmer 1985; Palmer et al. 1987; Aii et al. 1997; Lee et al. 2007; 
Cai et al. 2008). Recombination across repeats is the most reported cause of plastome 
structural changes (Ogihara et al. 1988; Goulding et al. 1996; Hansen et al. 2007; Lee et al. 
2007; Catalano et al. 2009; Guo et al. 2014). Gathering data to test these hypotheses can be 
problematic because evidence suggesting any one mechanism of IR structural change can be 
masked by additional mutations. 
Within plastomes, gene adjacencies can change through mechanisms other than 
expansion and contraction of the IR. Some plastid genes have been relocated to the 
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mitochondrial and/or nuclear genomes, and such intracellular gene transfers include tufA, rbcS, 
accD, rpl22, and the ndh gene family (Palmer 1991; Martin et al. 1998; Millen et al. 2001; 
Cummings et al. 2003; Richardson and Plamer 2007). The loss of genes from the plastome is 
an ongoing process (Martin and Herrmann 1998), with recent transfers resulting in 
pseudogenes (Kleine et al. 2009). Intracellular transfers of DNA from the plastid into the 
mitochondrion or nucleus are well documented; however, until recently, the chloroplast was 
believed to be exempt from acquiring foreign DNA (Rice and Palmer 2006). While the transfer of 
DNA from the nuclear genome into the plastome of land plants has not been reported, there is a 
growing body of evidence that mitochondrial DNA (mtDNA) has made its way into the Apiaceae 
plastome (Goremykin et al. 2009; Iorizzo et al. 2012; Downie and Jansen 2015). In this chapter, 
I further study the possible mtDNA transfer into the Apiaceae plastome. 
 Coriandrum sativum (coriander; Apiaceae subfamily Apioideae) has a greatly reduced IR 
(Palmer 1985), yet the mechanism explaining this contraction is unclear. Plunkett and Downie 
(2000) used restriction site mapping to investigate the extent of IR change in Apiaceae and 
allied families by assessing variation in the position of JLB. Of the 113 species they surveyed, 
nine different JLB boundaries were detected. Such boundary shifts, without further 
rearrangements elsewhere in the plastome, are highly unusual among angiosperms. In addition 
to the typical JLB boundary within or near rps19, as occurring in Nicotiana tabacum (tobacco) 
and other species having the ancestral angiosperm plastome structural organization (Raubeson 
et al. 2007), they identified one expansion and seven different contractions, ranging in size from 
1 to 16 kb. Coriandrum was deemed to have the most contracted IR; however, the overall size 
of its plastome (~150 kb) was only slightly smaller than that of a typical species, a result of a 
~5.7 kb insertion of unknown composition near the terminus of the IR (Plunkett and Downie 
2000). All boundary shifts were restricted to the apioid superclade of Apiaceae subfamily 
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Apioideae, a large group comprising 12 tribes and other major clades of dubious relationship 
(Plunkett and Downie 1999, 2000).  
 The goals of this study are to further characterize the JLA boundary and investigate 
hypotheses of IR change in the apioid superclade of Apiaceae subfamily Apioideae. I focus on 
JLA because through IR expansion and contraction, there is no gene adjacency change at JLB. 
To address these goals I have determined the complete plastome sequences of four species: 
Foeniculum vulgare and Anethum graveolens (fennel and dill; tribe Apieae); Coriandrum 
sativum (tribe Coriandreae); and Carum carvi (caraway; tribe Careae). Through previous 
restriction site mapping studies, the two species of Apieae are resolved as sister taxa and have 
a 1.6 kb contraction of JLB relative to its position in tobacco (Plunkett and Downie 1999, 2000). 
Carum and Coriandrum represent the extremes of IR change known in Apiaceae, with an 
expansion of about 1 kb in Carum and a contraction of about 16 kb in Coriandrum. To further 
characterize JLA in other members of the apioid superclade, investigate the insertion of putative 
mtDNA into the Apiaceae plastome, and bolster support for any evidence of mechanism leading 
to IR boundary changes, I report on sequencing through JLA in 34 additional species. 
 
Methods 
Plastid DNA Isolation and Sequencing 
 Isolation and sequencing of the Coriandrum, Foeniculum, Carum, and Anethum 
plastomes followed the procedures described in Jansen et al. (2005) and summarized by 
Chumley et al. (2006). Leaf tissue was obtained from seedlings propagated from seeds, and 
plastid isolations consisted of several individual plants. For Coriandrum and Carum, total 
genomic DNA was isolated from these same seedlings; for Anethum and Foeniculum, total 
genomic DNA was isolated from plants obtained from a local grocery store (Table 3.1). Total 
genomic DNA from Coriandrum, Anethum, and Foeniculum was isolated using the CTAB 
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method (Doyle and Doyle 1987) modified by adding 2% polyvinylpyrrolidone (MW 40,000) and 
re-suspending in Tris-EDTA buffer. The extractions were cleaned using the Wizard® DNA Clean-
up System (Promega, Madison, WI) following their protocol. Carum total genomic DNA was 
isolated using Invitrogen’s PureLink Plant Total DNA Purification kit, with no protocol 
modifications.  
 Draft genome sequences of Coriandrum, Anethum, and Foeniculum were produced at 
the Joint Genome Institute (http://www.jgi.doe.gov/sequencing/protocols/prots_production.html). 
The draft genome of Carum was generated using Roche 454 sequencing at the University of 
Illinois W.M. Keck Center using standard protocols. For all plastomes, PCR was used to 
improve quality scores (any base pair <Q40 or equivalent) using either total genomic or RCA 
(rolling circle amplification) product followed by sequencing at the University of Washington or 
the University of Illinois. Plastomes acquired through shotgun sequencing at JGI were 
assembled using CONSED (Gordon et al. 1998) and Sequencher v. 4.9 (Gene Codes 
Corporation). All 454 reads were assembled using gsAssembler (Roche). Genome finishing and 
IR boundary identification followed the methods outlined in Raubeson et al. (2007). 
 
Characterization of JLA in the Apioid Superclade 
 Plunkett and Downie (2000) identified nine different JLB boundary positions in the 113 
species they surveyed (A-I; Fig. 3.1). These boundary locations represent one expansion (B) 
and seven different contractions (C-I), including the typical position within rps19 (A). To further 
characterize JLA in the apioid superclade, I examined 15 species used in the Plunkett and 
Downie (2000) survey plus 19 additional species (Table 3.1). Collectively, these 34 species 
represent at least one species each from 10 of the 12 tribes and other major clades comprising 
the apioid superclade and all previously recognized JLB boundary positions, with the exceptions 
of C and G. Genomic DNA for these species was isolated as described in the original 
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publications or by using the DNeasy Plant Mini kit (Qiagen Inc., Valencia, CA). Primers were 
designed to amplify and sequence through the LSC–IR boundary at JLA in each species (Table 
S3.1). The locations of trnH and the S10 operon facilitated LSC–IR boundary identification. 
When IR boundaries were not readily identified, JLB was sequenced for that taxon. Amplicons 
from JLA and JLB were aligned in CLUSTAL OMEGA (http://www.ebi.ac.uk/Tools/msa/clustalo/) and 
the point of mismatch was deemed the IR boundary (Raubeson et al. 2007). 
To determine the origin of the novel plastid DNA fragments adjacent to JLA, these 
sequences were queried against NCBI’s nucleotide DNA database using BLAST. All BLAST 
searches resulted in multiple hits to angiosperm mitochondrial DNA (mtDNA) sequences, with 
the best alignment scores showing sequence similarity to the cob–atp4 and nad4L–atp4 
intergenic spacer regions. Primers anchored within each pair of mitochondrial genes (Table 
S3.1; Kubo et al. 2000) were used to PCR amplify and sequence the intervening region in 14 of 
the 34 examined members of the apioid superclade, with the goal of identifying the novel plastid 
DNA fragments within the mitochondrial genome. An additional primer was designed for a 
conserved region within the novel plastid DNA fragments and used with an atp4 primer to 
confirm adjacency of these regions within the mitochondrial genome. Genome walking within the 
cob–atp4 intergenic spacer region and away from atp4 was also attempted using the APA 
Genome Walking kit (Bio S&T Inc., Montreal, Canada). 
 
Mechanisms of IR Change 
 To determine if repetitive DNA, such as simple sequence repeats (SSRs) and short 
dispersed repeats (SDRs), was affecting IR boundary shifts, rps19–rpl2 sequences from 
Anethum, Carum, Coriandrum, and Foeniculum were aligned. Daucus carota was also included 
in these comparisons, since its plastome has ancestral IR boundaries, no gene rearrangements, 
and was the closest relative to the apioid superclade published at the time of analysis (Ruhlman 
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et al. 2006). The alignment was scanned by eye to locate repeats. In addition, plastome 
sequences from eight other angiosperms (Table S3.2), representing species having ancestral IR 
boundaries, LSC–IR boundaries different from ancestral, or lacking an IR, were analyzed using 
SSR Extractor (Dolan unpublished) and compared to the four plastomes sequenced herein. 
SSRs were only counted if they were at least 15 bp long and motifs ranged in size from 1 to 5 
bp. The location of these repeats was also reported to assist in determining if they were a 
potential mechanism of IR change. 
Vmatch (http://www.vmatch.de/) was used to locate SDRs and SSR Extractor was used 
to locate SSRs in all plastomes. SDRs were identified with a minimum length of 30 bp and a 
Hamming distance of 3. SSRs were located as previously described, except minimum repeat 
size was 10, 12, or 15 bp for each repeat motif length. The total amount of SDRs in each of the 
newly sequenced plastomes was compared to published reports for other Apiales and eudicot 
plastomes, the latter with and without major IR structural changes (Table 3.2). Duplication of 
DNA, such as tRNA genes, may provide evidence of double-strand break repair (Haberle et al. 
2008); thus, the newly sequenced plastomes were also scanned for larger duplications at or 




 A comparison of the major structural features of the four Apiaceae plastomes and the 
previously published Daucus plastome is presented in Table 3.3. Plastome sizes differed by 
8,930 bp, between Carum and Coriandrum. Coriandrum had the largest LSC region and the 
smallest IR. Foeniculum had the smallest SSC region. The number of single copy genes was 
the same across all plastomes. Differences in gene content were due to the number of genes 
contained within the expanded or contracted IR. 
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The total number of SSRs varied from 60 (Carum) to 66 (Coriandrum) with Daucus 
having 59 (Table 3.4). The majority of SSRs are mono- or dinucleotide repeat motifs. The total 
number of SDRs ranged from 19 (Carum) to 417 (Coriandrum) with the latter being exceptional 
in its large number. Furthermore, Coriandrum has more repeats than any other plastome across 
all motif size classes. The longest direct repeat, 254 bp, also belongs to Coriandrum. When 
repeat motifs (both SDRs and SSRs) are plotted according to their locations within genes, 
introns, and intergenic spacers as the plastome is read from JLA to JSA it is evident that repeat 
DNA is dispersed evenly across the genome with most partitions having one motif (Fig. 3.2).  
Much of the repetitive DNA occurring in Coriandrum is located near its LSC–IR 
boundaries, specifically between IR genes trnH and psbA. In the other three plastomes, this 
spacer occurs in the LSC region adjacent to JLA and does not show an increase in repeat DNA 
content. The intergenic spacer regions near the psbM and trnT inversion break points in Carum, 
located in the intergenic sequence between psbM and trnE and between trnD and trnT, have 
twice as much repetitive DNA as any of the other three plastomes (Fig. 3.2). 
The plastome of Coriandrum has a contracted IR encompassing only 12 genes (Fig. 
3.3). These genes include ycf1 through trnV (which contains the four ribosomal RNA genes) 
plus trnH and psbA. The reduction of the IR to the rRNA genes was designated as boundary 
position type I (Plunkett and Downie 2000). With the inclusion of trnH and psbA in the IR, I have 
designated this updated boundary type as I’ (Fig. 3.1). Coriandrum also has a partial duplication 
of trnV within the LSC region adjacent to JLB. All other gene adjacencies within the LSC and 
SSC regions are collinear with those of the Daucus plastome. 
The plastomes of Anethum and Foeniculum, both members of tribe Apieae, are 99.32% 
similar with 422 single nucleotide polymorphisms and 453 indels across 128,726 aligned 
positions. Each has about a 1500 bp contraction of their IR (Figs. S1 and S2; Fig. 3.1 boundary 
type D). In addition, there is an insertion of novel, non-coding DNA between JLA and the 3’ end 
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of trnH. Foeniculum has 392 bp of non-coding sequence between JLA and trnH, while Anethum 
has 244 bp of the same non-coding sequence in this region (Fig. S3.3). The remainder of their 
plastomes are collinear with Daucus. 
The Carum IR has expanded to include all of rps3 (Fig. S3.4), an expansion that has 
also resulted in the duplication of rpl22 (Fig. 3.1 boundary type B). Additionally, two major 
rearrangements were detected that did not involve the IR: a 571 bp inversion between psbM 
and trnT, resulting in the inversion of trnD-trnY-trnE; and a 2178 bp inversion from JLA to the 
3’trnK exon, resulting in the inversion of trnH and psbA. 
In all four plastomes, the SSC–IR boundaries occur within ycf1. The amount of ycf1 
contained within the IR varies by 217 bp, with Daucus having 1676 bp of duplicated sequence 
and Coriandrum having 1893 bp of duplicated sequence. Both Anethum and Foeniculum have 
1885 bp of ycf1 duplicated and identical SSC–IR boundary endpoints. Comparisons of the 50 bp 
of sequence on either side of JSB support the possibility that the presence of two small 
duplications (18 and 43 bp) in Carum, Anethum/Foeniculum, and Coriandrum could facilitate 
boundary shifts through recombination. Anethum/Foeniculum have 18 out of the 100 bp flanking 
JSB in common with Carum and 43 bp in common with Coriandrum. Carum and Coriandrum also 
have 18 bp in common and these identical sequences are in the same location as those in 
Anethum/Foeniculum. None of these genomes share any sequence similarity with the 100 bp of 
sequence flanking the Daucus JSB. 
 
Novel DNA Characterization 
Between JLA and 3’ trnH, Anethum and Foeniculum contain novel, non-coding 
sequences. These sequences, at 244 and 392 bp in size, are identical over the 244 bp they 
share (Fig. S3.3). These novel fragments do not match any published plastid DNA sequence. 
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Instead, they show a short but significant match to non-coding mtDNA in the intergenic spacers 
between cob–atp4 and nad4L–atp4 (Table 3.5). 
Primers anchored in mitochondrial gene pairs cob–atp4 and nad4L–atp4, as well as in 
the novel plastid fragment and atp4, were used to try and locate the novel plastid DNA fragment 
within the mitochondrial genomes of Anethum and Foeniculum (Table S3.1). Amplifications 
using primer pairs “mt.cob3f” and “mt.orf25.3r,” “Kubo1” and “Kubo6,” and “Kubo1” and 
“Kubo5mod” did not produce products. A primer designed within the novel fragment 
(“fragShortR”) was used with “Kubo6” or “mt.orf25.3r”, both within atp4, and resulted in an 
amplicon of about 400 bp in Anethum and no product in Foeniculum. Genome walking from the 
intergenic sequence between atp4 and the sequence that matches the novel plastid fragment 
away from atp4 in Anethum and Foeniculum did not produce any new data that were not already 
available. 
Characterization of JLA in 34 additional species of the apioid superclade reveals that for 
those species having an IR boundary in rpl2 (Fig. 3.1 boundary type D) there was an insertion of 
novel DNA in the LSC region bounded by JLA and trnH, ranging in size from 40 to 447 bp (Table 
3.6). This novel DNA occurs in all examined species with boundary type D, with the exception of 
Oedibasis platycarpa (Fig. S3.5; Table 3.6). While Oedibasis platycarpa does have novel DNA 
within the JLA–trnH intergenic spacer it does not match the sequence found in all other species 
having a type D boundary. 
Novel DNA in the JLA–trnH region was also detected in Crithmum maritimum and 
Trachyspermum ammi (tribe Pyramidoptereae, boundary type B) and in Aethusa cynapium and 
Enantiophylla heydeana (tribe Selineae, boundary types E or F; Table 3.6). The Crithmum and 
Enantiophylla novel sequence share 106 bp with 78% similarity. Within the 1528 bp fragment in 
Aethusa, there are 83 bp with 92% similarity to non-coding sequences occurring between 5’ 
rps12 exon and clpP. The remaining novel fragments and the hundreds of remaining bp in 
66 
Crithmum, Enantiophylla, and Aethusa, show no similarity to each other or to any other 
sequences in GenBank (as of 17 April 2013). 
The primer “fragShortR” was used with primers “mt.orf25.3r” or “Kubo6” to amplify 
mtDNA in 13 of these 34 additional species. Sequence data obtained from this region ranged in 
size from 178 to 525 bp and contains between 16 and 27 bp of sequence that matches the 
plastome sequence adjacent to the “fragShortR” primer location; the remaining sequences are 
fragments of non-coding DNA adjacent to atp4, as reported in Daucus (Iorizza et al. 2012). For 
these 13 species, I confirmed that a small fragment of sequence matching the novel non-coding 
DNA in type D plastomes also occurs in their mtDNA. Genome walking in Anethum, 
Foeniculum, Ridolfia segetum, and Pastinaca sativa from the intergenic sequence between atp4 
and the sequence that matches the novel plastid fragment away from atp4 did not yield any 
information beyond what was already available in GenBank, with the exception of the Ridolfia 
segetum sequence. In Ridolfia, cytB is adjacent to atp4 and the remaining sequence does not 
match anything in GenBank.  
 
Inverted Repeat Changes 
A survey of JLA in 34 species of the apioid superclade confirms several LSC–IR 
boundary shifts. The ancestral JLA as typified by Daucus (Fig. 3.1 boundary type A) has its LSC–
IR boundary within rps19. No other species examined herein has its boundary in the same 
relative position. 
The type B boundary location, with an expansion of the IR into rps3, is characteristic of 
tribe Careae and two of four members of tribe Pyramidoptereae (Table 3.6). The inversion of 
trnH and psbA in Carum also occurs in Aegokeras caespitosa and Falcaria vulgaris, both 
members of tribe Careae. However, not all species with an IR expansion to rps3 have an 
inversion of trnH and psbA. Crithmum and Trachyspermum have IR expansions to rps3 but 
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neither has the inversion. Instead, these two species have novel insertions at JLA, of 1463 and 
62 bp, respectively.  
All species sampled from tribes Apieae and Pimpinelleae, the Cachrys, Conium, and 
Opopanax clades, and two of four species of tribe Pyramidoptereae have IR boundaries within 
rpl2 that is characteristic of the type D IR boundary location (Fig. 3.1). These species have an 
insertion of novel DNA between JLA and trnH. With the exception of Oedibasis platycarpa, 
whose 1034 bp insertion has no sequence similarity to any other taxon examined, sequence 
alignments of the other taxa indicate that they all share the same fragment (Fig. S3.5). 
Species from tribe Selineae have boundary types E and F, characterized by a 
contraction of the IR into either the ycf2–trnL intergenic spacer region or ycf2 (Table 3.6). The 
amount of ycf2 duplicated varies by 293 bp. Aethusa and Enantiophylla both have additional 
changes beyond the contraction of the IR, as previously described. The IR boundary type H in 
Tordylium aegyptiacum var. palaestinum (tribe Tordylieae) does not have any additional 
changes beyond the contraction of the IR. 
The remaining boundary types, I and I’ (Fig. 3.1), occur in the two members of tribe 
Coriandreae—Bifora radians and Coriandrum. These two species share little sequence 
similarity in the genes adjacent to their LSC–IR boundaries. This is due to the inclusion of trnH 
and psbA in the IR of Coriandrum and repetitive DNA that does not occur in Bifora. Within 
Coriandrum the IR is located in the 5’ end of psbA with only the first 10 bp of the gene being 
single copy. In Bifora the IR has contracted to the intergenic region between rrn16 and trnV 
making trnV, trnH, and psbA single copy. 
 
Mechanisms of LSC–IR Boundary Change 
The partial duplication of trnV in Coriandrum was the only evidence supporting DSBR as 
a mechanism of IR change in the plastomes examined herein. The Coriandrum plastome had 
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more repeats than the other three plastomes combined, and more than any other Apiales 
plastome sequenced to date (Table 3.2). This was due in large part to three repeat motifs in the 
trnH–trnV region, one of 24 bp repeated 7 times, one of 18 bp repeated 21 times, and a motif of 
21 bp repeated 4 times. The 18 bp repeat was tandem in most cases with the other motifs 
breaking up those tandem duplications. Evidence of DSBR was also found near JLA in Aethusa 
in the form of an 83 bp fragment that is a duplication of non-coding DNA between 5’ rps12 and 
clpP. There was no evidence of DSBR among any other species sequenced. 
There was only one difference in repeat content among Anethum, Foeniculum, Carum, 
Coriandrum, and Daucus plastomes between the ancestral rps19 boundary location A and the 
modified boundaries D and I. A thymine mononucleotide repeat ranging in size from nine to 17 
bp was present, the longest found in Daucus. There was no matching repeat at the LSC–IR 
boundary in Anethum, Foeniculum, Carum, or Coriandrum to facilitate recombination (Table 
S3.2). 
The Anethum/Foeniculum, Carum, and Coriandrum plastomes had 2 to 7 SSRs, with a 
minimum length of 15 bp, throughout their entire plastomes (Tables 3.2, 3.4, and 3.7). In 
Anethum, Foeniculum, and Carum SSRs of 15 bp or more are not found at present or ancestral 
(i.e., near rps19) boundary locations. In Coriandrum there are more complex repeat motifs 
identified (5 bp) and these do occur near the present but not the ancestral IR boundary (Table 
S3.2). Coriandrum is the only plastome to have SDRs near the LSC–IR boundary. Sequences 
near JLA in 13 of the 34 species analyzed contain several direct and inverted SDRs of 20 bp 





The angiosperm plastome is static in structure, with only a few groups exhibiting 
frequent, dynamic changes. In addition to members of Apiaceae subfamily Apioideae, the 
following taxa are recognized as regularly having major structural changes involving the IR: 
Berberidaceae (Kim and Jansen 1994; Ma et al. 2013), Campanulaceae (Cosner et al. 1997; 
Knox 2014), Fabaceae subfamily Papilionoideae (Palmer et al. 1987; Lavin et al. 1990; Cai et al. 
2008; Jansen et al. 2008), and Geraniaceae (Price et al. 1990; Chumley et al. 2006; Guisinger 
et al. 2011; Weng et al. 2013). Mapping studies of the Apiaceae plastome (Plunkett and Downie 
2000) and sequence data presented herein have shown that members of the apioid superclade 
have diverse IR boundaries. These boundary differences affect the length of the IR and gene 
adjacencies on the JLA side of the plastome. 
In comparison to other Apiales plastomes with and without IR changes Foeniculum, 
Anethum, and Carum have similar amounts of repetitive elements. When the four Apioideae 
plastomes are compared to other eudicot species with and without IR changes Coriandrum is 
the only species with similar amounts of SDRs present. These SDRs are located between trnV 
and trnH (near JLA) within the IR and are potential sites of recombination. 
Recombination across repeat DNA has resulted in many different major structural 
rearrangements of the plastome including LSC–IR boundary changes (Ogihara et al. 1998; 
Hupfer et al. 2000; Guo et al. 2007; Lee et al. 2007; Greiner et al. 2008; Martin et al. 2014). In 
general, in those plastomes with IR boundaries that vary from the ancestral type, there is an 
increased rate of rearrangement (Cosner et al. 2004; Chumley et al. 2006; Weng et al. 2013). 
Among the plastomes sequenced herein, Carum and Coriandrum have different IR boundaries 
and additional gene order changes from those typical among eudicots. Carum has an inversion 
of the genes between psbM and trnT that is likely repeat mediated and an inversion of trnH and 
psbA that does not have any repeat DNA associated with it. This first inversion occurs in other 
angiosperm plastomes (Sloan et al. 2012b; Sloan et al. 2013). 
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Origin of Novel Plastid DNA at JLA 
In typical angiosperm plastomes there are 2–9 bp of non-coding DNA between JLA and 3’ 
trnH (Raubeson and Jansen 2005). In many members of the apioid superclade there is a larger, 
novel DNA insertion in this same region. This novel plastid sequence is similar to angiosperm 
non-coding mtDNA. However, even though this similarity to mtDNA is high, the lengths of the 
matches are small. The majority of significant hits were near genes atp4 and nad4L, although I 
was unable to determine the origin of the insertion using PCR or genome walking approaches. 
There have been other reported instances of intracellular gene transfer (IGT) within 
Apiaceae. Goremykin et al. (2009) showed that the intergenic spacer between 3’ rps12 and trnV 
plastid genes in Daucus had high sequence similarity to published mtDNA coding sequence. 
Evidence of transfer, however, was based solely on sequence similarity. Subsequently, Iorizzo 
et al. (2012) confirmed the presence of this mtDNA fragment within both the Daucus plastome 
and mitochondrial genome and suggested that the transfer was the result of a retrotransposon 
event.  
Other angiosperms possess plastid DNA fragments having sequence similarities to 
mtDNA. Within Pelargonium (Geraniaceae), for example, there is a possible insertion of mtDNA 
within the trnA intron, with this insertion having sequence similarity to the mitochondrial ACRS 
and pvs-trnA genes (Chumley et al. 2006). Chumley et al. (2006) reported further that these 
mtDNA sequences within the trnA intron are conserved across many angiosperms. No 
mechanism was inferred for how these genes were incorporated into the plastome, however, 
since ACRS is in the mitochondrial tRNA-Ala intron (Ohtani et al. 2002) recombination is 
probable. 
More recently, Straub et al. (2013) determined that there is an insertion of 2,427 bp into 
the rps2–rpoC2 intergenic spacer of the plastome in several species of Apocynaceae tribe 
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Asclepiadeae. This instance of intracellular gene transfer is a mitochondrial copy of the plastid 
rpl2 gene – a mitochondrial paralog of the plastid rpl2 is transferred back to the plastome. The 
authors hypothesized that recombination of mtDNA and plastid DNA via traditional DSBR or 
synthesis-dependent strand annealing (an alternative mechanism of break repair) led to this 
introgression. 
DSBR is a proposed mechanism of plastid DNA introgression into the mitochondrial and 
nuclear genomes (Leister 2005; Klein et al. 2009) and is the most likely explanation for the 
incorporation of mtDNA into the Apiaceae plastome. The mitochondrial genome of Daucus has 
paralogs of plastid genes rpl2 and trnH that have maintained gene adjacency. This presents a 
plausible scenario for incorporation of mtDNA into the plastome through strand hybridization at 
JLA. The high frequency of mitochondrial genome rearrangements (Palmer and Herbon 1988; 
Shirzadegan et al. 1989; Sloan et al. 2012a; Gualberto et al. 2013; Noyszewski et al. 2014) 
would explain why the novel DNA of the plastome is no longer located between the mtDNA 
paralogous genes rpl2 and trnH and why I was unable to find significant matches near atp4 or 
nad4L in the examined mitochondrial genomes. Occasionally, the DNA incorporated through 
DSBR is “filler DNA” that does not match any other region of the genome (Ricchetti et al. 1999; 
Windels et al. 2003; Cai et al. 2008). The novel DNA adjacent to JLA in members of the apioid 
superclade, having no sequence similarity whatsoever to any other sequence currently in 
GenBank, may have been integrated into the plastome though DSBR as “filler DNA.” 
 
IR Boundary Changes and Their Mechanisms 
The mechanisms proposed to explain IR expansions, such as DSBR and the presence of 
short dispersed repeats (Palmer 1985; Palmer et al. 1987; Ogihara et al. 1988; Aii et al. 1997; 
Haberle et al. 2008; Odom et al. 2008), have facilitated IR changes in several species of the 
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apioid superclade. The short, direct, and inverted repeats occurring around JLA in 13 of the 34 
additional species sequenced provide evidence for repeat-mediated IR boundary changes. 
The mechanisms relating to IR change are complex and no single mechanism can 
explain all the variation present. As an example, the Coriandrum plastome has at least two 
different causes that explain its IR boundary changes. First, the contraction of the IR to trnV 
adjacent to the rRNA genes; this contraction is shared with Bifora radians, also of tribe 
Coriandreae. Second, a subsequent expansion of the IR to include trnH and psbA that may 
have been repeat mediated. Bifora’s plastome has a larger contraction of the IR and is the only 
species examined herein to have trnV occurring within the LSC region. 
There is no evidence that SSRs are mediating LSC–IR boundary changes (Table S3.2). 
Species without IRs (i.e., Erodium) do not have any SSRs that met our minimum criteria while 
species with IR boundary changes (i.e., Pelargonium) do not have SSRs at ancestral or present 
IR boundary locations. However, there is evidence that more complex repeats like SDRs may be 
a common mechanism of LSC–IR boundary change in species of the apioid superclade (Table 
3.7). Guisinger et al. (2011) reported that size of a repeat motif correlates with frequency of 
inversions, with larger repeats rearranging more frequently. This implies that Coriandrum and 
Ammi majus should have more genomic rearrangements than Carum and Spermolepis. This 
trend, however, was not observed in the four Apioideae plastomes sequenced herein, where 
Carum had more inversions than Coriandrum. 
Insertion of tRNAs is often cited as evidence of DSBR (Haberle et al. 2008) and DSBR is 
the most likely mechanism for the partial duplication of trnV in Coriandrum. Evidence of DSBR is 
also found in Aethusa in the form of an 83 bp fragment located near trnH that is the duplication 
of non-coding DNA between 5’ rps12 and clpP. This duplication is not a likely cause of IR 




 IR changes within members of the apioid superclade of Apiaceae subfamily Apioideae 
are complex, with multiple mechanisms generating changes at their single copy – IR 
boundaries. DSBR and SDRs are the most likely mechanisms of IR change. To better 
understand how novel DNA has been integrated into these plastomes, targeted sequencing of 
additional plastomes and mitochondrial genomes will be useful to show how frequently DSBR is 
occurring in the group and what the souce of this novel DNA might be. 
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Tables and Figures 
 
Table 3.1  Accessions of Apiaceae subfamily Apioideae examined for JLA changes. The four 
species whose entire plastomes have been sequenced herein are indicated by asterisks. 
 
Species Source 
Aegokeras caespitosa (Sibth. & Sm.) Raf. Plunkett and Downie 2000 
Aethusa cynapium L. Plunkett and Downie 2000 
Ammi majus L. Downie et al. 1998 
Ammoselinum butleri  (Engelm. ex S. Watson) 
J.M. Coult. & Rose 
USA, Mississippi, Leflore Co., West of 
Greenwood, Cryson 13404 (MO) 
Anethum graveolens L.* Cultivated at Central Washington University 
from seeds purchased from Burpee® 
(ELRG). 
Anethum graveolens L. Total genomic DNA from plant material 
obtained from a local market (ELRG). 
Apiastrum angustifolium Nutt. ex Torr. & A. 
Gray 
USA, California, Riverside Co., Vail Lake Area; 
Boyd et al. 3848 (MO 4000398) 
Apium graveolens L. Downie et al. 1998 
Apium prostratum Vent. Spalik et al. 2010 
Azilia eryngioides (Pau) Hedge & Lamond Ajani et al. 2008  
Bifora radians Bieb. Downie et al. 1998 
Cachrys libanotis L. Ajani et al. 2008 
Carum carvi L.* Cultivated at UIUC from seeds purchased from 
Burpee®; Downie 3219 (ILL) 
Conium maculatum L. Downie et al. 1998 
Coriandrum sativum L.* Cultivated at Central Washington University 
from seeds purchased from Burpee® 
(ELRG). 
Coriandrum satrivum L. Total genomic DNA from plant material 
obtained from a local market (ELRG). 
Crithmum maritimum L. Plunkett and Downie 2000 
Deverra burchellii (DC.) Eckl. & Zeyh. Winter et al. 2008 
Deverra triradiata Hochst. ex Boiss. Downie et al. 2000 
Diplotaenia cachrydifolia Boiss. Ajani et al. 2008  
Enantiophylla heydeana J.M. Coult. & Rose Downie and Katz-Downie 1996 
Falcaria vulgaris Bernh. Downie et al. 1998 
Ferulago nodosa (L.) Boiss. Italy, Sicily, Melilli, Monti Iblei; leaf material 
provided by S. Brullo, Departimento di 
Botanica, Università di Catania, Catania, 
Italy 
Foeniculum vulgare Mill.* Cultivated at Central Washington University 
from seeds purchased from Burpee® 
(ELRG). 
Foeniculum vulgare Mill.* Total genomic DNA from plant material 
obtained from a local market (ELRG). 
Haussknechtia elymaitica Boiss. Ajani et al. 2008  
Naufraga balearica Constance & Cannon Downie et al. 2000 
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Table 3.1 (cont.) 
 
 
Oedibasis platycarpa (Lipsky) Koso-Pol. Katz-Downie et al. 1999 
Opopanax persicus Boiss. Ajani et al. 2008 
Petroselinum crispum (P. Mill.) A.W. Hill Downie et al. 1998 
Pimpinella major (L.) Huds. Plunkett & Downie 2000 
Pimpinella peregrina L. Downie et al. 1998 
Prangos goniocarpa (Boiss.) Zohary Ajani et al. 2008 
Ridolfia segetum (L.) Moris Downie et al. 1998 
Selinum carvifolia (L.) L. Spalik et al. 2004 
Seseli webbii Coss. Spalik et al. 2004 
Sison segetum L. France, Val-de-Marne, Créteil, au Mont-Mesly. 
Reduron 19770711-01 (ILL) 
Spermolepis inermis (Nutt. ex DC.) Mathias & 
Constance 
USA, Illinois, Carroll Co., Savanna Army 
Depot., Green Island, 30 June 1993, 
Phillippe et al. 22290 (ILLS) 
Stoibrax dichotomum (L.) Raf. Spalik & Downie 2007 
Tordylium aegyptiacum (L.) Lam. var. 
palaestinum (Zoh.) Zoh. 
Downie et al. 1998 
Trachyspermum ammi (L.) Sprague ex Turrill Downie et al. 1998 
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Table 3.2  Comparison of short dispersed repeats among plastomes with and without LSC–IR 
boundary changes. 










Apiaceae Anethum graveolensa KR011055 19 1 0 0 
 
Anthriscus cerefolium NC_015113 22 2 0 0 
 
Carum carvia KR048286 17 2 0 0 
 
Coriandrum sativuma KR002656 278 86 39 14 
 
Daucus carota NC_008325 22 1 1 0 
 
Foeniculum vulgarea KR011054 17 1 2 3 
Araliaceae Aralia undulata NC_022810 23 5 1 2 
 
Eleutherococcus 
senticosus NC_016430 22 4 1 0 
 
Kalopanax septemlobus NC_022814 19 4 1 0 
 
Metapanax delavayi NC_022812 19 4 1 0 
 
Panax ginseng NC_006290 17 3 0 2 
 
Panax ginseng ‘Damaya’ KC686331 17 3 0 2 
 
Panax ginseng ‘Ermaya’ KC686332 17 3 0 2 
 
Panax ginseng 
‘Gaolishen’ KC686333 17 3 0 2 
 
Schefflera delavayi NC_022813 25 3 1 0 
 
Brassaiopsis hainla NC_022811 21 3 1 0 
Asteraceae Helianthus annuus NC_007977 98 1 0 0 
 
Parthenium argentatum NC_013553 64 2 2 1 
Camanulaceae Trachelium caeruleuma NC_010442 242 61 22 25 
Fabaceae Pisum sativumb NC_014057 46 4 3 1 
 
Trifolium subterraneumb NC_011828 216 102 63 112 
Geraniaceae Erodium carvifoliumb NC_015083 41 6 8 2 
 
Geranium palmatumb NC_014573 230 80 53 35 
 
Monsonia speciosaa NC_014582 59 27 14 10 
 
Pelargonium x hortoruma NC_008454 120 30 12 20 
Ranunculaceae 
Megaleranthis 
saniculifolia NC_012615 13 0 0 0 
 
Ranunculus macranthusa NC_008796 7 0 0 0 
Schisandraceae Illicium oligandruma NC_009600 8 0 0 0 
Solanaceae Nicotiana tabacum NC_001879 12 1 0 0 
 
a IR is different than ancestral IR type (i.e., LSC–IR junctions are not in or near rps19) 
b Plastome does not have an IR 
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Table 3.3  Comparison of features of the four apioid superclade plastomes sequenced herein 
and Daucus (Ruhlman et al. 2006). Gene counts within parentheses include both copies of 
the IR. 
 
Feature Coriandrum Anethum Foeniculum Carum Daucus 
Total length 
(bp) 
146,519 153,356 153,628 155,449 155,911 
LSC length 
(bp) 
99,231 86,506 86,659 83,672 84,242 
SSC length 
(bp) 
17,486 17,518 17,471 17,549 17,567 
IR length (bp) 14,901 24,666 24,749 27,114 27,051 
No. of protein 
coding genes 
79 (81) 79 (85) 79 (85) 79 (88) 79 (86) 
No. of tRNA 
genes 
30 (36) 30 (37) 30 (37) 30 (37) 30 (37) 
No. of rRNA 
genes 
4 (8) 4 (8) 4 (8) 4 (8) 4 (8) 
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SDR repeat motif length (bp)  SSR repeat motif length (bp) 
30-49 50-69 70-99 ≥100 Total  1 2 3 4 5 Total 
Anethum graveolens 19 1 0 0 20  39 15 3 6 1 64 
Carum carvi 17 2 0 0 19  33 17 2 6 2 60 
Coriandrum sativum 278 86 39 14 417  39 17 2 5 3 66 
Daucus carota 22 1 1 0 24  32 12 6 7 2 59 
Foeniculum vulgare 21 1 2 3 27  40 15 2 6 2 65 
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Table 3.5  Results of top 10 BLAST searches of the GenBank nucleotide database (as of 9 
March 2015) querying the JLA insertion sequence in Foeniculum vulgare. Only hits with 
lengths longer than 60 bp and a percent similarity of at least 90 are reported (note that all 
whole mitochondrial genomes have secondary matches of shorter lengths as well). 
 
Accession Species Location Length of match 
(bp) 
Percent similarity 
JQ248574 Daucus carota 
subsp. sativus 
cob–atp4 121 92 
AY007821 Daucus carota cob–atp4 121 92 
AY007816 Daucus carota cob–atp4 121 92 
HM367685 Vigna radiata nad4L–atp4 67 93 
HM367685 Vigna radiata cob–trnW–cp 67 93 
KF815390 Helianthus 
annuus 
nad4L–atp4 67 91 
AP012599 Vigna angularis nad4L–atp4   67 91 
JN87255 Lotus japonicus nad4L–atp4 67 90 
HQ874649 Ricinus 
communis 
nad4L–atp4  64 91 
JX065074 Gossypium 
hirsutum 
nad4L–trnS 71 85 
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Table 3.6  Characterization of JLA changes in species of Apiaceae subfamily Apioideae.  
Accession information is provided in Table 3.1. 
 





No. of bp between 
JLA and trnH 
Apieae Ammi majus rpl2 D 390 
 Apium graveolens rpl2 D 214 
 Apium prostratum rpl2 D 212 
 Anethum graveolens rpl2 D 244 
 Deverra burchellii rpl2 D 363 
 Deverra triradiata rpl2 D 364 
 Foeniculum vulgare rpl2 D 392 
 Naufraga balearica rpl2 D 206 
 Petroselinum 
crispum 
rpl2 D 203 
 Ridolfia segetum rpl2 D 377 
 Seseli webbii rpl2 D 127 
 Stoibrax 
dichotomum 
rpl2 D 195 
Cachrys clade Azilia eryngioides rpl2 D 248 
 Cachrys libanotis rpl2 D 447 
 Diplotaenia 
cachrydifolia 
rpl2 D 443 
 Ferulago nodosa rpl2 D 220 
 Prangos goniocarpa rpl2 D 443 
Careae Aegokeras 
caespitosa 
rps31 B 0 
 Carum carvi rps31 B 0 
 Falcaria vulgaris rps31 B 0 
Conium clade Conium maculatum rpl2 D 224 
Coriandreae Bifora radians 16S-trnV2 IGS I 0 
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Table 3.6 (cont.) 
 
    
 Coriandrum sativum psbA3 I’ 0 
Opopanax clade Opopanax persicus rpl2 D 242 
Pimpinelleae Haussknechtia 
elymaitica 
rpl2 D 40 
 Pimpinella major rpl2 D 161 
 Pimpinella peregrina rpl2 D 61 
Pyramidoptereae Crithmum 
maritimum 
rps3 B 1463 
 Oedibasis 
platycarpa 
rpl2 D 1034 
 Sison segetum rpl2 D 127 
 Trachyspermum 
ammi 
rps3 B 62 
Selineae Aethusa cynapium ycf2 E 1528 
 Ammoselinum 
butleri 
ycf2 E 0 
 Apiastrum 
angustifolium 
ycf2 E 8 
 Enantiophylla 
heydeana 
ycf2–trnL IGS F 657 
 Selinum carvifolia ycf2 E 0 




ndhB intron H 12 
 
1 inversion of trnH–psbA. 
2 trnV and some intergenic sequence are within the LSC; 18 bp between IRa and trnV. 
3 only 10 bp of psbA are within the LSC. 
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Table 3.7  SDRs present within each JLA boundary sequence identified using BLASTN. 
 
Species Repeat location Repeat type Length of repeat 
Aethusa cynapium trnH–psbA Inverted 60 
 ndhB–trnL Inverted 58 
 Within novel DNA Inverted 61 
Ammi majus ycf2–trnI Inverted 300 
Ammoselinum butleri trnH–psbA Inverted 72 
Apiastrum angustifolium trnH–psbA Inverted 60 
Apium graveolens Within novel DNA Inverted 58 
Apium prostratum Within novel DNA Inverted 76 
Conium maculatum trnH–psbA Inverted 100 
Crithmum maritimum rps3–trnH Direct 105 
 rps3–trnH Direct 105 
 rps3–trnH Direct 84 
 rps3–trnH Direct 56 
Enantiophylla heydeana trnH–psbA Inverted 60 
 trnH–psbA Inverted 57 
 trnH–psbA Direct 31 
 Within novel DNA Direct 31 
 ndhB–trnL Inverted 58 
Oedibasis platycarpa trnH–psbA Inverted 76 
 rpl2 Inverted 34 
 rpl2 Inverted 20 
Petroselinum crispum trnH–psbA Inverted 58 
Spermolepis inermis trnH–psbA Inverted 50 




Fig. 3.1  Schematic showing the genes (boxes) and gene adjacencies possible at JLA in species 
of Apiaceae subfamily Apioideae. Genes transcribed counterclockwise are on the top and genes 
transcribed clockwise are on the bottom. The horizontal lines show which gene region is 
adjacent to LSC gene trnH in species with that particular IR boundary shift with letter 
designations and lines to show IR boundary labels first described by Plunkett and Downie 
(2000). Their boundary types are approximate and cover a range near boundaries indicated in 
figure and not exact locations due to size of probes used in mapping. Boundary location I’ in the 
bottom panel is a modification of their system for Coriandrum to show an IR contraction to the 




Fig. 3.2 Comparison of total number of repetitive elements, SDRs and SSRs, in each region of a 
linearized plastid genome from JLA through JSA. The position of genes and intergenic regions 
that are involved in rearrangements have been moved from their original location to match the 
orientation found in Anethum graveolens. Every gene, intergenic region, and intron that had an 
SDR or SSR is included (Table S3.3), however, only 48 labels on the X axis are included for 
readability. Although the Y axis terminates at 10, Coriandrum has one region with 43 repeat 




Fig. 3.3  Circular plastome map of Coriandrum sativum. Genes are represented by boxes; those 


































































































































































































































Supplementary Tables and Figures 
 
Table S3.1  Primers used in the amplification and sequencing of JLA and mitochondrial DNA in 
representative members of the apioid superclade in Apiaceae subfamily Apioideae. 
 
Primer name Location Sequence Reference (if applicable) 
mt.cob.3f Mitochondria, cob GCG GAT YGC TTA CTA CTA GG  
mt.orf25.3r Mitochondria, atp4 GTC TTC AGG ACG ATC TAG TCA  
Kubo1 Mitochondria, 5’ 
nad4L 
CTC TTA CAT TCT ACG TTC CCG Kubo et al. 2000 
Kubo6 Mitochondria, 5’ atp4 TCT TCT TCG AAC TTG ATG CAC Kubo et al. 2000 
Kubo5mod Mitochondria, 3’ 
nad4L 
GTT ATT ACT TTC CGA GTC CG Modified from Kubo et al. 2000 
Api.mt.GSPa Mitochondria, atp4–
cob spacer 
CTT CGA ACT TGA TGC ACA ATA GAT GG  
Api.mt.GSPb Mitochondria, atp4–
cob spacer 
GCA GCA AAT AGC ATC TTT CTA GCC T  
Api.mt.GSPc Mitochondria, atp4–
cob spacer 
GGT TTA GGA AAG GAC TTT AGA ATC GGA T  
fragShortR Mitochondria, plastid 
novel DNA 
ARA GGM CCT GAC CTG CCA A  
psbA.3f Plastid, psbA GCT AAC CTT GGT ATG GAA GT  
6.1r Plastid, trnH GTA GSC AAG TGG AYY AGG GC Raubeson unpublished 
rps3.3f Plastid, rps3   
9 Plastid, trnI GCA TCC ATG GCT GAA TGG TTA AAG C Raubeson unpublished 
JLaID Plastid, 5’ rpl2 TCT GTC CCA TAA TAG GTC CC  
ycf2.2004 Plastid, ycf2 AAT ATC GAT TGC TTG TTG AA  
ycf2.840r Plastid, ycf2 TTC CGG AAG CAG ATG ATT A  
ycf2.3700r Plastid, ycf2 TCT TAG AAC GTA TTG ATT TGA C  
ycf2.5800r Plastid, ycf2 CTC GTG TCT GGT ACT GCA T  
ycf2.6100r Plastid, ycf2 ACT GAT AAC TCT CGG ATA GA  
trnLcaa5f Plastid, trnL ATG GTA GAC ACG CGA GAC TC  
rps12.3f Plastid, rps12 GAT CGT CAA CAA GGG CGT TC  
rps7.3f Plastid, rps7 CCG AAT TAG TGG ATG CTG CC  
trnV Plastid, trnV TCT ACC GCT GAG TTA TAT CCC  
rrn16.trnV.igs Plastid, trnV–rrn16 
spacer 
AGGA TTC GGA ATT GTC TTT CA  
rrn16r Plastid, rrn16 AGC GTT CAT CCT GAG CCT GG Raubeson unpublished 
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Table S3.2  Simple sequence repeat DNA with found in plastomes with no LSC–IR boundary 
change (Daucus and Helianthus), no IR present (Erodium and Pisum), with LSC–IR 
boundary changes (Anethum, Carum, Coriandrum, Foeniculum, Illicium, Jacobaea, 
Pelargonium, and Ranunculus). All genomes were analyzed with only one copy of the IR if 
an IR was present. 
 





Location of repeat 
Anethum graveolens 128,691 ATAT 16 trnR–atpA IGS2 
  T 19 atpF intron 
  TTTTA 15 trnfM–rps14 IGS 
  A 22 atpB–rbcL IGS 
  A 16 ndhE–ndhG IGS 
Carum carvi 128,337 ATTCA 15 matK 
  TTTTA 15 trnfM–rps14 IGS 
Coriandrum sativum  ATAT 16 atpF–atpH IGS 
  ATTAG 15 atpH–atpI IGS 
  TTTTA 15 trnfM–rps14 IGS 
  TATTT 15 trnT–trnL IGS 
  ATAT 16 trnW–trnP IGS 
  T 15 clpP–psbB IGS 
  T 15 rps12–trnV IGS 
Daucus carota 125,057 A 15 trnK–rps16 IGS 
  
T 17 rps19–rpl2 IGS 
Erodium carvifolium3 116,935       
Foeniculum vulgare 128,880 ATAT 16 trnR–atpA IGS 
  
TTTTA 15 trnfM–rps14 IGS 
  
A 15 atpB–rbcL IGS 
  
A 19 atpB–rbcL IGS 
  
TATAA 15 accD–psaI IGS 
  
A 20 rpl14–rpl16 IGS 
Helianthus annuus 126,471 T 15 trnY–rpoB IGS 
  
T 16 atpF–atpA IGS 
  
A 18 trnS–psbZ IGS 
  
A 28 psaA–ycf3 IGS 
  
A 15 trnT–trnL IGS 
  
T 25 atpB–rbcL IGS 
  
A 16 atpB–rbcL IGS 
  
T 22 petA–psbJ IGS 
  
A 23 psbE–petL IGS 
  
T 16 petG–trnW IGS 
  
A 15 clpP intron 
  
T 22 rps8–rpl14 IGS 
  
T 23 rpl14–rpl16 IGS 
  
A 31 rrn16 
  
GAA 15 ycf1 
  
A 27 ndhA intron 
 
A 16 ndhD–ccsA IGS 
92 
Table S3.2 (cont.) 
     
Illicium oligandrum 129,203 A 15 rps16 intron 
  
A 15 ycf3 intron 
  
TAT 15 trnT–trnL IGS 
  
T 15 atpB–rbcL IGS 
  
A 16 rps18–rpl20 IGS 
  
T 16 clpP intron 
  
T 20 rpl14–rpl16 IGS 
  
A 15 ycf2 
  
A 15 ndhF–rpl32 IGS 
Jacobaea vulgaris 125,901 A 17 atpI–atpH IGS 
  
T 15 atpF–atpA IGS 
  
T 18 atpB–rbcL IGS 
  
T 17 rps11 
  
TTAT 16 rpl16–rps3 IGS 
Pelargonium x hortorum 142,201 A 15 rpl33 
  
T 15 trnfM–psbD IGS 
  
A 17 rps19 
  
A 15 petB–petD IGS 
  
A 16 petB–IGS 
Pisum sativum 122,169 A 15 ycf1 
  
A 15 rps2–rpoC2 IGS 
  
T 16 rps18 
  
T 15 rps18–rpl33 IGS 
Ranunculus macranthus 129,341 T 15 rps2–rpoC2 IGS 
  
CAAAT 15 trnS–rps4 IGS 
  
T 16 ndhC–trnV IGS 
  
TAA 15 petA–psbJ IGS 
  
ATAT 16 rpl16 intron 
  TTATA 15 rps15–ndhH IGS 
 
1 Accession information for species can be found in Table 3.2. 
2 IGS is an abbreviation for intergenic spacer (the DNA between coding regions). 
3Erodium did not have any SSRs meeting the minimum requirement of 15 bp. 
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Table S3.3  Location of repeat DNA (SDRs and SSRs) used to generate Fig. 3.3. 
 
  Total number of SDRs   Total number of SSRs 
Region Anethum Carum Coriandrum Foeniculum   Anethum Carum Coriandrum Foeniculum 
rpl2–trnH 
         
trnH–psbA or trnH–trnV 
  
41 
   
1 2 
 psbA–trnK 





         matK–trnK 
         trnK–rps16 





         rps16–trnQ 





         psbK–psbI 





         trnS–trnG 
      
1 2 1 
trnG intron 
   
1 
    
1 
trnG–trnR 





     
1 1 1 1 
atpA–atpF 










      
2 1 
 atpH–atpI 
      
1 1 
 atpI–rps2 








     




      rpoC1 intron 





         rpoB 
      
1 1 1 
rpoB–trnC 





         petN–psbM or psbM–




psbM–trnD or trnD–trnT 1 2 1 
   
2 1 1 
trnD–trnY 
         trnY–trnE 
     
1 










   
1 1 1 3 
psbD–psbC 
         psbC–trnS 
 
1 
    
1 
  trnS–psbZ 
         psbZ–trnG 




Table S3.3 (cont.) 
         
trnG–trnfM 
         trnfM–rps14 
         rps14–psaB 
         psaB–psaA 
         psaA–ycf3 
       
1 
 ycf3 intron 1 1 1 1 
     ycf3 intron 





     
2 1 1 1 
trnS–rps4 

















         trnL–trnF 
         trnF–ndhJ 
         ndhJ 





      
1 
  ndhK–ndhC 
        
1 
ndhC–trnV 
         trnV intron 
         trnV–trnM 
         trnM–atpE 
         atpE–atpB 
         atpB 





   
1 
 
3 2 3 3 
rbcL–accD 
      
1 
  accD–psaI 
  
1 
   
1 1 
 psaI–ycf4 





       
1 
 cemA–petA 
      
1 
  petA–psbJ 
     
1 1 1 
 psbJ–psbL 
         psbL–psbF 
         psbF–psbE 
         psbE–petL 2 
 
1 2 
     petL–petG 
  
1 
      petG–trnW 
         trnW–trnP 
       
1 
 trnP–psaJ 
         psaJ–rpl33 
         rpl33–rps18 
         rps18–rpl20 
        
1 
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Table S3.3 (cont.) 
         
rpl20–rps12 





        
1 
clpP intron 
     
1 1 1 1 
clpP intron 
     
3 1 1 1 
clpP–psbB 
     
1 1 1 
 psbB–psbT 
         psbT–psbN 1 1 1 1 
     psbN–psbH 
         psbH–petB 
      
1 
  petB intron 
 
1 
       petB–petD 
         petD intron 
         petD–rpoA 
         rpoA 
     
1 
   rpoA–rps11 
        
1 
rps11–rpl36 
       
1 
 rpl36–infA 
         infA–rps8 
         rps8–rpl14 
         rpl14–rpl16 
      
1 1 1 
rpl16 intron 





         rps3–rpl22 
         rpl22–rps19 
     
1 1 1 1 
rps19–rpl2 





         rpl2–rpl23 
         rpl23–trnI 
         trnI–ycf2 
         ycf2 
      
1 1 
 ycf2–trnL 
     
1 1 
  trnL–ndhB 
        
1 
ndhB intron 1 1 1 1 
     ndhB–rps7 
         rps7–rps12 
         rps12 intron 






         rrn16–trnI 
         trnI intron 
      
1 1 1 
trnI–trnA 
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Table S3.3 (cont.) 
         
trnA intron 





         rrn23–rrn4.5 
         rrn4.5–rrn5 3 2 2 2 
     rrn5–trnR 
   
1 
     trnR–trnN 





         ycf1–ndhF 
         ndhF–rpl32 
   
2 
 
1 2 1 
 rpl32–trnL 
     
2 2 2 1 
trnL–ccsA 
         ccsA 
       
1 
 ccsA–ndhD 
         ndhD–psaC 
         psaC–ndhE 
         ndhE–ndhG 
     
1 1 1 1 
ndhG–ndhI 
     
2 2 1 2 
ndhI–ndhA 
         ndhA exon 1 




ndhA intron 1 2 2 1 
     ndhA–ndhH 
         ndhH–rps15 
         rps15–ycf1 




Fig. S3.1  Circular plastome map of Anethum graveolens. Genes are represented by boxes; 














































































































































































































































Fig. S3.2  Circular plastome map of Foeniculum vulgare. Genes are represented by boxes; 









































































































































































































































genes of other function
unknown function, ycfs
99 
Foeniculum      AGCCCCGTATCAATGGGTGCCTTAATATGCATTATGCTATTCCGATTAGTCTTTCTTGGG 60 
Anethum         ------------------------------------------------------------ 0 
                                                                             
 
Foeniculum      TTTACGATCAGATCCCATTTCGTGTTCATGAAAAACTAGTATCTTTCGGACATAGGCCAC 120 
Anethum         ------------------------------------------------------------ 0 
                                                                             
 
Foeniculum      CCCCTTTATGGATGATAACGAGTACTTTTGGGAAAAAGTAGCGACAATCTATAAATTACC 180 
Anethum         ----------------------------TGGGAAAAAGTAGCGACAATCTATAAATTACC 32 
                                            ******************************** 
 
Foeniculum      CCTCTCGTATCTCGTAAAACACGAACAACCTAGAGAGAAGGGCGTGAATCTGTAGGCGGG 240 
Anethum         CCTCTCGTATCTCGTAAAACACGAACAACCTAGAGAGAAGGGCGTGAATCTGTAGGCGGG 92 
                ************************************************************ 
 
Foeniculum      GGAGACGACGTTAGGTTTTTCTGTATTTCAAGCAATGACTTCCTCCTTCATTACTTCATT 300 
Anethum         GGAGACGACGTTAGGTTTTTCTGTATTTCAAGCAATGACTTCCTCCTTCATTACTTCATT 152 
                ************************************************************ 
 
Foeniculum      CTTTTCATATACCTATGAAGGACTTTCACTCTCCTTTGTTCTCTTCTGTCTTTTTTTTTA 360 
Anethum         CTTTTCATATACCTATGAAGGACTTTCACTCTCCTTTGTTCTCTTCTGTCTTTTTTTTTA 212 
                ************************************************************ 
 
Foeniculum      CTTGGTTGGCAGGGTCAGGGCCTTTCTCGCTG 392 
Anethum         CTTGGTTGGCAGGGTCAGGGCCTTTCTCGCTG 244 
                ******************************** 
 
Fig. S3.3  CLUSTAL O(1.2.1) multiple sequence alignment (http://www.ebi.ac.uk/Tools 
/msa/clustalo/) of the novel JLA fragment in Foeniculum and Anethum. Foeniculum is 148 bp 
longer, otherwise the fragments are identical (indicated with asterisks). 
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Fig. S3.4  Circular plastome map of Carum carvi. Genes are represented by boxes; those 


















































































































































































































































genes of other function
unknown function, ycfs
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Naufraga_balearica             ------------------------------------------------------------ 0 
Opopanax_persicus              ------------------------------------------------------------ 0 
Pimpinella_major               ------------------------------------------------------------ 0 
Pimpinella_peregrina           ------------------------------------------------------------ 0 
Ridolfia_segetum               ATTCCCGTATCAATTATCAATGGGTGCCTTAATATGCATTATGCTATTCCGTTTAGTCTT 60 
Stoibrax_dichotomum            ------------------------------------------------------------ 0 
Deverra_triradiata             ---------------------------------ATGCATTATGCTATTCCGATTAATCTT 27 
Deverra_burchellii             -------------------------------AAATGCATTATGCTATTCCGATTAATCTT 29 
Haussknechtia_elymaitica       ------------------------------------------------------------ 0 
Cachrys_libanotis              ----------------------GGTGCCTTAATATGCATTATGCTATTCCGATTAGTCTT 38 
Ferulago_nodosa                ------------------------------------------------------------ 0 
Azilia_eryngioides             ------------------------------------------------------------ 0 
Diplotaenia_cachrydifolia      ----------------------GGTGCCTTAATATGCATTATGCTATTCCGATTAGTCTT 38 
Prangos_goniocarpa             ----------------------GGTGCCTTAATATGCATTATGCTATTCCGATTAGTCTT 38 
Apium_graveolens               ------------------------------------------------------------ 0 
Petroselinum_crispum           ------------------------------------------------------------ 0 
Apium_prostratum               ------------------------------------------------------------ 0 
Conium_maculatum               ------------------------------------------------------------ 0 
Anethum_graveolens             ------------------------------------------------------------ 0 
Foeniculum_vulgare             -------AGCCCCGTATCAATGGGTGCCTTAATATGCATTATGCTATTCCGATTAGTCTT 53 
Ammi_majus                     -------ATTCCCATATCAATGGGTGCCTTAATATGCATTATGCTATTCCGATTAGCCTT 53 
Seseli_webbii                  ------------------------------------------------------------ 0 
Sison_segetum                  ------------------------------------------------------------ 0 
                                                                                            
 
Naufraga_balearica             ------------------------------------------------------------ 0 
Opopanax_persicus              ------------------------------------------------------------ 0 
Pimpinella_major               ------------------------------------------------------------ 0 
Pimpinella_peregrina           ------------------------------------------------------------ 0 
Ridolfia_segetum               TCTTGGGTTTAGGATCAGATCCCATTTCGTGTTCATGAAAAACTAGTATCTTTCGGACAT 120 
Stoibrax_dichotomum            ----------------------------------------------------------CA 2 
Deverra_triradiata             TCTTGAATTTACGATCAGATCCCATTTCGTGTTCATGAAAAACTAGTATCTTTCGGACAT 87 
Deverra_burchellii             TCTTGAATTTACGATCAGATCCCATTTCGTGTTCATGAAAAACTAGTATCTTTCGGACAT 89 
Haussknechtia_elymaitica       ------------------------------------------------------------ 0 
Cachrys_libanotis              TCTTGGGTTTACGATCAGATCCCATTTCGTGTTCATGAAAAACGAGTATCTTTCGGACAT 98 
Ferulago_nodosa                ------------------------------------------------------------ 0 
Azilia_eryngioides             -------------------------------------------------------TTAAT 5 
Diplotaenia_cachrydifolia      TCTTGGGTTTACGATCAGATCCCATTTCGTGTTCATGAAAAACGAGTATCTTTCGGACAT 98 
Prangos_goniocarpa             TCTTGGGTTTACGATCAGATCCCATTTCGTGTTCATGAAAAACGAGTATCTTTCGGACAT 98 
Apium_graveolens               ------------------------------------------------------------ 0 
Petroselinum_crispum           ------------------------------------------------------------ 0 
Apium_prostratum               ------------------------------------------------------------ 0 
Conium_maculatum               ------------------------------------------------------------ 0 
Anethum_graveolens             ------------------------------------------------------------ 0 
Foeniculum_vulgare             TCTTGGGTTTACGATCAGATCCCATTTCGTGTTCATGAAAAACTAGTATCTTTCGGACAT 113 
Ammi_majus                     TCTTGGGTTTACGATCAGATCCCATTTCGTGTTCATGAAAAACTAGTATCTTTCGGACAT 113 
Seseli_webbii                  ------------------------------------------------------------ 0 
Sison_segetum                  ------------------------------------------------------------ 0 
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Naufraga_balearica             ------------------------------------------------------------ 0 
Opopanax_persicus              ------------------------------------------------------------ 0 
Pimpinella_major               ------------------------------------------------------------ 0 
Pimpinella_peregrina           ------------------------------------------------------------ 0 
Ridolfia_segetum               AG-GCCATCCCCCTCTATG----------------------------------------- 138 
Stoibrax_dichotomum            TTCGCCACCCCTCTCTATG----------------------------------------- 21 
Deverra_triradiata             TGGGGCACCCCCCTCTATG----------------------------------------- 106 
Deverra_burchellii             TGGGACACCCCCCTCTATG----------------------------------------- 108 
Haussknechtia_elymaitica       ------------------------------------------------------------ 0 
Cachrys_libanotis              ATTTAATATTGGCAGCGGGTGATACAACGGGGCCCGGAGGGAGTTCGCCCGATCCTTCGG 158 
Ferulago_nodosa                ------------------------------------------------------------ 0 
Azilia_eryngioides             ATTTAATATTGTCAGCGGGTGATACAACGGGGCCCGGAGGGAGTTCGCCTGATCCTTCGG 65 
Diplotaenia_cachrydifolia      ATTTAATATTGGCAGCGGGTGATACAACGGGGCCCGGAGGGAGTTCGCCTGATCCTTCGG 158 
Prangos_goniocarpa             ATTTAATATTGGCAGCGGGTGATACAACGGGGCCCGGAGGGAGTTCGCCTGATCCTTCGG 158 
Apium_graveolens               ------------------------------------------------------------ 0 
Petroselinum_crispum           ------------------------------------------------------------ 0 
Apium_prostratum               ------------------------------------------------------------ 0 
Conium_maculatum               ------------------------------------------------------------ 0 
Anethum_graveolens             ------------------------------------------------------------ 0 
Foeniculum_vulgare             AGGCCACCCC-CTTTATGGAT--------------------------------------- 133 
Ammi_majus                     AGGCCACCACCCTCTATGGGT--------------------------------------- 134 
Seseli_webbii                  ------------------------------------------------------------ 0 
Sison_segetum                  ------------------------------------------------------------ 0 
                                                                                            
 
Naufraga_balearica             ------------------------------------------------------------ 0 
Opopanax_persicus              ---------------------------------------------------------TTT 3 
Pimpinella_major               ------------------------------------------------------------ 0 
Pimpinella_peregrina           ------------------------------------------------------------ 0 
Ridolfia_segetum               -----------------------------------------GATGATAACG-AGTACTTT 156 
Stoibrax_dichotomum            -----------------------------------------GATGATAACG-AGTACTTT 39 
Deverra_triradiata             -----------------------------------------GATGATAACG-AAAACTTT 124 
Deverra_burchellii             -----------------------------------------GATGATAACG-AAAACTTT 126 
Haussknechtia_elymaitica       ------------------------------------------------------------ 0 
Cachrys_libanotis              AGGAAGGGCCTGTCTTTCCCTTATTGGCCAAAAACCATATGGATAATAATAAGCTCTTTT 218 
Ferulago_nodosa                ------------------------------------------------------------ 0 
Azilia_eryngioides             GGGAAGGGCCTGTCTTTCCCTTATTGGCCAAAAACCATATGGATGATAATAAGTTCTTTT 125 
Diplotaenia_cachrydifolia      GGGAAGGGCCTGTCTTTCCCTTATTGGCCAAAAACCATATGGATGATAATAAGCTATTTT 218 
Prangos_goniocarpa             GGGAAGGGCCTGTCTTTCCCTTATTGGCCAAAAACCATATGGATGATAATAAGCTCTTTT 218 
Apium_graveolens               ------------------------------------------------------------ 0 
Petroselinum_crispum           ------------------------------------------------------------ 0 
Apium_prostratum               ------------------------------------------------------------ 0 
Conium_maculatum               ------------------------------------------------------------ 0 
Anethum_graveolens             ------------------------------------------------------------ 0 
Foeniculum_vulgare             --------------------------------------------GATAACGAGT-ACTTT 148 
Ammi_majus                     --------------------------------------------GATAACGAGT-ACTTT 149 
Seseli_webbii                  ------------------------------------------------------------ 0 
Sison_segetum                  ------------------------------------------------------------ 0 
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Naufraga_balearica             --------------------TTATAAATTTCAAATAACCCCTCTCATAAAACACGAATAA 40 
Opopanax_persicus              TGAGATAAAGTAGCGACAA--------TCAAAAATGACCCCTATCGTAAAACACGGGCAA 55 
Pimpinella_major               ------------------------------------------------------------ 0 
Pimpinella_peregrina           ------------------------------------------------------------ 0 
Ridolfia_segetum               TGGGAAAAAATAGCGACAATCTATAAATTACCCCTCTCGTATCTCGTAAAACACGAACAA 216 
Stoibrax_dichotomum            TGGGATCAAGTAGTGACAA--------TTACACCTCT-------CATAAAACACGAACAA 84 
Deverra_triradiata             TGGGATAAAGTAGCGACAATCTTTAAATTAACCCTCT-------CGTAAAACACGAACAA 177 
Deverra_burchellii             TGGGATAAAGTAGCGACAATCTTTAAATTAACCCTCT-------CGTAAAACACGAACAA 179 
Haussknechtia_elymaitica       ------------------------------------------------------------ 0 
Cachrys_libanotis              GGTAACAA-------AGTAGCGACAGTCGAAAAATTACCCCTCTCGTAAAACACGGGCAA 271 
Ferulago_nodosa                ------AA-------AGTAGCGACGGTCTAAAAATTACCCCTCTCGTAAAACACGGGCAA 47 
Azilia_eryngioides             GAG-ATAA-------AGTAGCGACAATCGAAAAATTACCCCTCTCGTAAAACACGGGCAA 177 
Diplotaenia_cachrydifolia      GGG-AAAA-------AGTAGCGACAGTCGAAAAATTACCCCTCTCATAAAACACGGGCAA 270 
Prangos_goniocarpa             GAG-ATAA-------AGTAGCGACAGTCGAAAAATTACCCCTCTCGTAAAACACGGGCAA 270 
Apium_graveolens               -----------------------------------TCTCGTAAAACTAAAACACGAACAA 25 
Petroselinum_crispum           -----------------------------------TCTCGTAAAACTAAAACACGAACAA 25 
Apium_prostratum               -----------------------------------TCTCGTAAAACTAAAACACGAACAA 25 
Conium_maculatum               --------------------CGACAATCGAAAAATAGCCCCTCTCGTAAAACACGGGCAA 40 
Anethum_graveolens             TGGGAAAAAGTAGCGACAATCTATAAATTACCCCTCTCGTATCTCGTAAAACACGAACAA 60 
Foeniculum_vulgare             TGGGAAAAAGTAGCGACAATCTATAAATTACCCCTCTCGTATCTCGTAAAACACGAACAA 208 
Ammi_majus                     TGGGACAACGTAGCGACAATCTAAAAATTACCCCTCT-------CGTAAAACACGAACAA 202 
Seseli_webbii                  ------------------------------------------------------------ 0 
Sison_segetum                  ------------------------------------------------------------ 0 
                                                                                            
 
Naufraga_balearica             CCTAGAGAAAAGGGTATGAATCTGGAGGCAGGGGAGACGAGGTTAGGTTTTTCTGTATTT 100 
Opopanax_persicus              CCTAGAGAGAAGGGCGTGAATCTGGAGGCGGGGGAAACGACGTTAGGTTTTTCTGTATTT 115 
Pimpinella_major               -----------------GTATCGGGAGGCGGGGGAGACGACGTTAGGTTTTTCCGTATTT 43 
Pimpinella_peregrina           ------------------------------------------------------------ 0 
Ridolfia_segetum               CCTAGAGAGAAGGGCTTGAATCTGTAGGCGGGGGAGACGACGTTAGGTTTTTCTGTATTT 276 
Stoibrax_dichotomum            CGTAGAGAGAAAGGCGTGAATTTGGAAACG------------------------------ 114 
Deverra_triradiata             CCTAGAGAGAGGGGCGTGAATCTGGAGGCGGGGGAGACGACGTTAGGTTTTTCTGTATTT 237 
Deverra_burchellii             CCTAGAGAGAGGGGCGTGAATCTGGAGGCGGGGGAGACGACGTTAGGTTTTTCTGTATTT 239 
Haussknechtia_elymaitica       ------------------------------------------------------------ 0 
Cachrys_libanotis              CCTAGAGAGAAGGGCGTGAATCTGGAGGCGGGGGAGACGACGTTAGGTTTTTATGTATTT 331 
Ferulago_nodosa                CCTAGAGAGAAGGGCGTGAATCTGGAGGCGGGGGAGACGACGTTAGGTTTTTATGTATTT 107 
Azilia_eryngioides             CCTAGAGAGAAGAGCGTGAATCTGGAGGCGGGGGAGACGCCGTTAGGTTTTTATGTATTT 237 
Diplotaenia_cachrydifolia      CCTAGAGAGAAGGGCGTGAATCTGGAGGCGGGGGAGACGACGTTAGGTTTTTATGTATTT 330 
Prangos_goniocarpa             CCTAGAGAGAAGGGCGTGAATCTGGAGGCGGGGGAGACGACGTTAGGTTTTTATGTATTT 330 
Apium_graveolens               CCTAGAGAGAAGGGCATGAATCTGGAGGCAGGGGAGACGAGGTTAGGTTTTTATGTATTT 85 
Petroselinum_crispum           CCTAGAGAGAAGGGCATGAATCTGGAGGCAGGGGAGACGAGGTTAGGTTTTTATGTATTT 85 
Apium_prostratum               CCTAGAGAGAAGGGCATGAATCTGGAGGCAGGGGAGACGAGGTTAGGTTTTTATGTATTT 85 
Conium_maculatum               CCTAGACAGAAGGGCGTGAATCTGGAGGCGGGGGAAATGACGTTAGGTTTTTCTGTATTT 100 
Anethum_graveolens             CCTAGAGAGAAGGGCGTGAATCTGTAGGCGGGGGAGACGACGTTAGGTTTTTCTGTATTT 120 
Foeniculum_vulgare             CCTAGAGAGAAGGGCGTGAATCTGTAGGCGGGGGAGACGACGTTAGGTTTTTCTGTATTT 268 
Ammi_majus                     CCTAGAGAGAAGGGCATGAATCTGAAGGCGGGGGAGACGACGTTAGGTTTTTCTGTATTT 262 
Seseli_webbii                  ---------------------------------------------------------TTT 3 
Sison_segetum                  ---------------------------------------------------------TTT 3 
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Naufraga_balearica             CGGGGCAATGATTTCCTCCTTCATTACTTCATTCTTTTCAATATACCTATGAAGGACTTT 160 
Opopanax_persicus              CAAGCAA-TGACTTACTCCTTCATTTCTTAATTC-TTTCCATATACCTATGAAGGACTTT 173 
Pimpinella_major               CAAGCAA-TGACTTCCTCCTTCATTTCTTCATTC-TTTCCATATACCTATGAAGGGCTTT 101 
Pimpinella_peregrina           ------------------------------------------------------------ 0 
Ridolfia_segetum               CAAGCAA-TGACTTCCTCCTTCATT--------C-TTTTCATATACCTATGAAGGACTTT 326 
Stoibrax_dichotomum            -------------------------------------------GAGGAGACAAGGACTTT 131 
Deverra_triradiata             CAAGCAA-TGACTTCCTCCTCCATTACTTCATTC-TTTTCATATACCTATGAAGGACTTT 295 
Deverra_burchellii             CAAGCAA-TGACTTCCTCCTCCATTACTTCATTC-TTTTCATATACCTATGAAGGACTTT 297 
Haussknechtia_elymaitica       ------------------------------------------------------------ 0 
Cachrys_libanotis              CAAGCCA-TGACTCCCTCCTTC--------ATTC-TTTCCATATACCTATGAAGGACTTT 381 
Ferulago_nodosa                CAAGCAA-TGACTCCCTCCTGC--------ATTC-TTTTCATATACCTATGAAGGACTTT 157 
Azilia_eryngioides             CAAGCAA-TGACTTCCTCCTTC--------ATTC-TTTCCATATACCTATGAAGGACTTT 287 
Diplotaenia_cachrydifolia      CAAGCAA-TGACTCCCTCCTTC--------ATTC-TTTCCATATACCTATGAAGGACTTT 380 
Prangos_goniocarpa             CAAGCAA-TGACTCCCTCCTTC--------ATTC-TTTCCATATACCTATGAAGGACTTT 380 
Apium_graveolens               CAGGCAA-TGATTTCCTCCTTCATTACTTCATTA-TTTTCATATACCTATGAAGGACTTT 143 
Petroselinum_crispum           CAGGCAA-TGATTTCCTCCTTCATTACTTCATTA-TTTTCATATACCTATGAAGGACTTT 143 
Apium_prostratum               CAGGCAA-TGATTTCCTCCTTCATTTCTTCATTA-TTTTCATATACCTATGAAGGACTTT 143 
Conium_maculatum               CAAGCAA-TGACTTCCTCCTTCATTTCTTCATTC-TTTCCATATACCTATGAAGGACTTT 158 
Anethum_graveolens             CAAGCAA-TGACTTCCTCCTTCATTACTTCATTC-TTTTCATATACCTATGAAGGACTTT 178 
Foeniculum_vulgare             CAAGCAA-TGACTTCCTCCTTCATTACTTCATTC-TTTTCATATACCTATGAAGGACTTT 326 
Ammi_majus                     CAAGCAA-TGACTTCCTCCTTCATTACTTCATTC-TTTTCATATACCTATGAAAGACTTT 320 
Seseli_webbii                  CAAGCAA-TGACTTCCTCCTTCATTACTTCATTC-TTTTCATATACCTATGAAAGACTTT 61 
Sison_segetum                  CAAGCAA-TGACTTCCTCCTTCATTACTTCATTC-TTTTCATATACCTATGAAAGACTTT 61 
                                                                                            
 
Naufraga_balearica             CACTCTCCTTTGTTCTCTTCTGTCTTTTTTTTTT----CCTTGGTTGGCAGGATCGGGTC 216 
Opopanax_persicus              CACTCTCCTTTGTTCTCTTCTGTCTTTTTTCTTT--TGGCAGGGTTGGCAGGGTCAGGGC 231 
Pimpinella_major               CACTCTCCTTTGTTCTCTTTTATCTTT---------TGACTTCGTTGGCAGGGTCAGGGC 152 
Pimpinella_peregrina           -ACTCTCCTTTGTTCTCTTTTATCTTT---------TGACTTCGTTGGCAGGGTCAGGGC 50 
Ridolfia_segetum               CACTCTCCTTTGTTCTCTTCTGTCTTTTTTT------TACTTGGTTGGCAGGGTCAGGGC 380 
Stoibrax_dichotomum            CACTCTCCTTTGTTCTCTTCTGTCTGTTTTCTTT--TGACTTGGTTGGCAGGATCAGGGC 189 
Deverra_triradiata             CACTCTCCTTTGTTCTCTTCTGTCTTTTTTCTTT--TGACTTGGTTGGCAGGGTCAGGGC 353 
Deverra_burchellii             CACTCTCCTTTGTTCTCTTCTGTCTTTTTTCTTT--TGACTTGGTTGGCAGGGTCAGGGC 355 
Haussknechtia_elymaitica       -----------------------------TCTTT--TGACTTGGTTGGCAGGGTCAGGGC 29 
Cachrys_libanotis              CACTCTCCTTTGTTCTCTTCTGTCTTTTTTTTTC-----TTTGGTTGGCAGGGTCAGGGC 436 
Ferulago_nodosa                CACTCTCCTTTGTTCTCTTCTGTCTTTTTTC--------TTTGGTTGGCAGGGTCAGAGC 209 
Azilia_eryngioides             CACTCTCCTTTGTTCTCTTCTGTCTTTTTTC--------TTTGGTTGGCAGGGTCAGGGC 339 
Diplotaenia_cachrydifolia      CACTCTCCTTTGTTCTCTTCTGTCTTTTTTC--------TTTGGTTGGCAGGGTCAAGGC 432 
Prangos_goniocarpa             AACTCTCCTTTGTTATCTTCTGTCTTTTTTC--------TTTGGTTGGCAGGGTCAGGGC 432 
Apium_graveolens               CACTCTCCTTTGTTCTCTTCTGTCTTTTTTTTTTTTTTACTTTGTTGGCAGGATCAGGTC 203 
Petroselinum_crispum           CACTCTCCTTTGTTCTCTTCTGTCTTTTTTTTTTTTTTACTTTGTTGGCAGGATCAGGTC 203 
Apium_prostratum               CACTCTCCTTTGTTCTCTTCTGTTTTTTT--TTTTTTTACTTTGTTGGCAGGATCAGGTC 201 
Conium_maculatum               CACTCTCCTTTGTTCTCTTCTGTCTTTTTTTTTTCTTTGG----TTGGCAGGGTCAGGGC 214 
Anethum_graveolens             CACTCTCCTTTGTTCTCTTCTGTCTTTTTTT-----TTACTTGGTTGGCAGGGTCAGGGC 233 
Foeniculum_vulgare             CACTCTCCTTTGTTCTCTTCTGTCTTTTTTT-----TTACTTGGTTGGCAGGGTCAGGGC 381 
Ammi_majus                     CACTCTACTTTGTTCTCTTCTGTCTTTTTTTTTTTTTTACTTGGTTGGCAGGGTCAGGGC 380 
Seseli_webbii                  CACTCTCCTTTGTTCTTTC-----TTTTTTTTTTTTTTACTTGGTTGGCAGGGTCAGGGC 116 
Sison_segetum                  CACTCTCCTTTGTTCTTTC-----TTTTTTTTTTTTTTACTTGGTTGGCAGGGTCAGGGC 116 
                                                                           ******** **    * 
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Naufraga_balearica             CTTTCTCGCTG 227 
Opopanax_persicus              CTTTCTCGCTG 242 
Pimpinella_major               CTTTCTCGCTG 163 
Pimpinella_peregrina           CTTTCTCGCTG 61 
Ridolfia_segetum               CTTTCTCGCTG 391 
Stoibrax_dichotomum            CTTTCTCGCTG 200 
Deverra_triradiata             CTTTCTCGCTG 364 
Deverra_burchellii             CTTTCTCGCTG 366 
Haussknechtia_elymaitica       CTTTCTCGCTG 40 
Cachrys_libanotis              CTTTCTCGCTG 447 
Ferulago_nodosa                CTTTCTCGCTG 220 
Azilia_eryngioides             CTTTCTCGCTG 350 
Diplotaenia_cachrydifolia      CTTTCTCGCTG 443 
Prangos_goniocarpa             CTTTCTCGCTG 443 
Apium_graveolens               CTTTCTCGCTG 214 
Petroselinum_crispum           CTTTCTCGCTG 214 
Apium_prostratum               CTTTCTCGCTG 212 
Conium_maculatum               CTCTCTCGCTG 225 
Anethum_graveolens             CTTTCTCGCTG 244 
Foeniculum_vulgare             CTTTCTCGCTG 392 
Ammi_majus                     CTTTCTCGCTG 391 
Seseli_webbii                  CTTTCTCGCTG 127 
Sison_segetum                  CTTTCTCGCTG 127 
                               ** ******** 
 
Fig. S3.5  CLUSTAL O(1.2.1) multiple sequence alignment (http://www.ebi.ac.uk/Tools/msa/clustalo/) of the novel JLA fragment in all 
species with a rpl2 IR boundary except Oedibasis platycarpa, which had no similarity to the other taxa. Identical bases are indicated 
below the alignment with asterisks. 
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CHAPTER 4: THE PHYLOGENETIC UTILITY OF PLASTOME RARE GENOMIC CHANGES, 
PLASTID GENE REGIONS PSBM–PSBD AND PSBA–TRNH, AND NUCLEAR GENE PHYA 




 Relationships among the 14 tribes and other major clades comprising the apioid 
superclade of Apioideae (Apiaceae) are unclear, with previous studies of primarily nrDNA ITS 
sequence data resolving either a large polytomy or poorly supported clades. In an effort to better 
elucidate higher-level relationships within the group and to determine the phylogenetic utility and 
limitations of the four rare genomic changes (RGCs) detected in previous studies, the plastid 
regions psbM–psbD and psbA–trnH and the nuclear gene PHYA were sequenced. These loci 
were analyzed separately and in combination with previously available ITS data and the four 
RGCs. Maximum likelihood and Bayesian analyses of partitioned and variously combined data 
matrices yielded largely consistent results, with resolution of some higher-level relationships 
achieved. The psbA–trnH region does not contain enough parsimony informative characters and 
did not yield any resolution of higher-level relationships. PHYA was also uninformative at the 
tribal level, but did add resolution at some lower taxonomic levels. The psbM–psbD region 
provided the strongest support for relationships among major lineages. Results of Bayesian 
analysis of combined ITS and psbM–psbD data recovered the most tribes and other major 
clades and resolved the most intertribal relationships. These data supported the monophyly of 
tribes Apieae, Careae, Echinophoreae, Pimpinelleae, Selineae, and Tordylieae and the Cachrys 
and Sinodielsia clades. Tribe Pyramidoptereae was resolved as paraphyletic, with Careae 
arising from within. The two examined species of the Opopanax clade also did not comprise a 
monophyletic group. Tribe Coriandreae is monophyletic upon the exclusion of Bifora testiculata. 
RGCs did not improve resolution when analyzed with UPGMA or when included as a partition in 
a matrix with combined sequence data. When RGCs were mapped onto the phylogeny, some 
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are homoplasious while others provide support for recovered topologies. The inversion of psbA 
and trnH, mitochondrial DNA at the large single copy – inverted repeat boundary, and boundary 
types B and D are all RGCs that support intertribal relationships. The other boundary types (A, 
D’-I’) and the presence of filler DNA at the large single copy – inverted repeat boundary have 
occurred independently multiple times. Most of the uninformative RGCs occur within tribe 
Selineae and subtribe Tordyliinae, which also have low overall intratribal resolution. While some 
intertribal relationships are resolved by these data, further study of the apioid superclade is 




The plant family Apiaceae (or Umbelliferae) contains many economically, medicinally, and 
ecologically important species, such as carrot, caraway, coriander, dill, fennel, and parsnip, as 
well as highly toxic plants such as poison hemlock. Apiaceae are a large family, with over 400 
genera and 3,200 species recognized (The Plant List 2013). The largest of its four subfamilies, 
Apioideae, contains 41 major clades, many of which are recognized at the rank of tribe (Downie 
et al. 2010). Within subfamily Apioideae is a large, morphologically heterogeneous group of 
umbellifers comprising 14 tribes and other major clades of dubious relationship referred to as 
the apioid superclade (Plunkett and Downie 1999, 2000). These lineages include tribes Apieae, 
Careae, Coriandreae, Echinophoreae, Pimpinelleae, Pyramidoptereae, Selineae, and 
Tordylieae (including three subclades) and the Cachrys, Conium, Opopanax, and Sinodielsia 
clades (Fig. 4.1; Downie et al. 2010). 
Although Apioideae phylogenetics has received much attention (e.g., Downie et al. 1996, 
1998, 2000, 2001, 2010; Downie and Katz-Downie 1996, 1999; Katz-Downie et al. 1999; Zhou 
et al. 2008, 2009; Magee et al. 2010), studies focused explicitly on resolving the higher-level 
relationships of the apioid superclade have been few (e.g., Downie et al. 2000). The first plastid 
gene used to infer Apiaceae phylogenetic history was matK and the resultant gene tree 
supported the apioid superclade as a monophyletic group, although sampling was limited 
(Plunkett et al. 1996; Plunkett and Downie 1999). Downie et al. (1996, 1998, 2000) considered 
introns from plastid genes rpoC1, rpl16, and rps16, and while each study recovered a strongly 
supported apioid superclade, the relationships among its constituent major clades were either 
not resolved or if resolved not well supported despite an ever-increasing taxon sampling. A 
study of chloroplast DNA (cpDNA) restriction site data also failed to show robust relationships 
within the group, although the frequency and large size of the inverted repeat (IR) junction shifts 
detected showed great promise in circumscribing major clades (Plunkett and Downie 1999, 
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2000). To date, nrDNA internal transcribed spacer (ITS) sequences comprise the most 
comprehensive database for Apioideae phylogenetic study. Greatest resolution of higher-level 
relationships within the apioid superclade was obtained by Zhou et al. (2008, 2009) in their 
studies of Chinese Apioideae based on ITS and cpDNA rpl16 and rps16 intron sequences. Well-
resolved phylogenies are critical in addressing patterns and processes of evolution and, to date, 
resolution of relationships among the tribes and other major clades comprising the apioid 
superclade remains poor. 
Previously used molecular markers are either too conserved (plastid gene and intron 
sequences) or have a high mutation rate causing saturation (ITS) and are, therefore, unable to 
adequately resolve taxonomic relationships among apioid superclade lineages. Resolving such 
relationships requires additional data to increase the number of informative characters, as well 
as markers that can unambiguously define monophyletic groups, such as plastome rare 
genomic changes (RGCs; Downie and Palmer 1992; Plunkett and Downie 1999, 2000; Rokas 
and Holland 2000; Raubeson and Jansen 2005).  
In this chapter I examine the utility of two plastid DNA regions (psbM–psbD and psbA–trnH) 
and a single copy nuclear gene (PHYA), loci that have not previously been used in Apiaceae 
phylogenetic study, to resolve the higher-level phylogenetic relationships of the apioid 
superclade. I also consider the plastome RGCs identified in earlier studies as additional markers 
(Chapter 3). The plastid psbM–psbD (psbMD) region includes the tRNA genes trnD, trnY, trnE, 
and trnT. This locus was deemed highly variable by Shaw et al. (2005, 2007); furthermore, 
Downie and Jansen (2015) identified it as the most variable region in their comparison of five 
Apiales plastomes. Likewise, the non-coding region between psbA and trnH is also highly 
variable and has been proposed as a potential barcoding locus in Apiaceae and other 
angiosperm families (CBOL Plant Working Group 2009; Liu et al. 2014). The nuclear single copy 
gene PHYA is one of several genes in the phytochrome gene family (Mathews and Sharrock 
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1997; Mathews 2010). To date, PHYA has been used to resolve phylogenies in Orobanchaceae 
(Bennett and Mathews 2006), Brassicaceae (Beilstein et al. 2008), and Magnoliaceae (Nie et al. 
2008). The plastome RGCs identified in earlier studies of the apioid superclade (Chapter 3) 
include gene synteny changes at single copy–IR boundaries, inversions, and insertions of novel 
DNA through intracellular gene transfer (IGT). 
Resolution of evolutionary relationships among the major lineages comprising the apioid 
superclade is the last major problem of Apiaceae higher-level systematics, but work to date has 
been thwarted because the molecular markers that have been used are too conserved to 
discern relationships. The major aim of this paper is to assess the phylogenetic utility of new 
plastid, nuclear, and RGC markers to resolve these relationships and to use a combined DNA 




 The RGCs matrix was constructed using four plastome structural characters: 1) a 571 bp 
inversion between psbM and trnT, resulting in the inversion of genes trnD-trnY-trnE; 2) a 2178 
bp inversion from the large single copy (LSC)–IR boundary to the 3’ trnK exon, resulting in the 
inversion of genes trnH and psbA; 3) gene adjacency changes at the plastid LSC–IR boundary; 
and 4) the presence of novel DNA between the LSC–IR boundary and 3’ trnH.  The ancestral 
gene synteny for psbM through trnT was scored as 0 and the inversion of trnD-trnY-trnE was 
scored as 1. Similarly, the ancestral gene synteny of trnH adjacent to the IR in the LSC region 
followed by psbA then 3’ trnK was scored as 0 (no inversion) and the inversion placing psbA 
adjacent to the IR was scored as 1. Twelve different gene adjacencies have been detected at 
JLA (Chapter 1; Fig. 1.1) in species of the apioid superclade (Chapter 3; Fig. 3.1). These gene 
adjacency data were scored as 12 binary characters (as opposed to one character having 12 
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states). For each state, the presence of a specific gene adjacency was indicated by 1 and its 
absence by 0, such that for each taxon 11 of the characters would be coded as 0 and one would 
be coded as 1. The two different novel DNA insertions at JLA (Chapter 3) were each scored 
separately. The absence of putative mitochondrial DNA (mtDNA) at JLA, the ancestral state, was 
scored as 0 and its presence was scored as 1. The absence of “filler DNA” from double-strand 
break repair at JLA, the ancestral state, was scored as 0 and its presence was scored as 1. 
 
Taxon Sampling 
 Species were chosen because of their inclusion in previous phylogenetic studies of 
Apiaceae subfamily Apioideae. Whenever possible, new data were obtained from precisely the 
same accessions as used previously (Table S4.1). If PCR amplification failed using standard or 
high-fidelity polymerases, or if DNA from a given accession was unavailable, then alternative 
accessions of that species or alternative species were substituted. I sampled from all of the 14 
major clades comprising the apioid superclade (Fig. 4.1), including the three subclades of tribe 
Tordylieae (i.e., subtribe Tordyliinae and the Cymbocarpum and Lefebvrea clades). The list of 
genera comprising each of these tribes/major clades provided in Downie et al. (2010) was used 
as a sampling guide, although that list is not comprehensive because it does not include taxa 
not yet considered in molecular phylogenetic study. In total, 143 ingroup species representing 
123 genera were considered herein (Table S4.1). As outgroups, I chose 11 species from 
subfamily Apioideae outside of the apioid superclade but closely related to it based on previous 
higher-level studies of the subfamily. These include representatives from Scandiceae, 
Oenantheae, and the Acronema clade (Downie et al. 2010). 
 
PCR, Cloning, and Sequencing 
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 Three primer pairs and one internal primer were used for PCR and sequencing of PHYA, 
one primer pair was used for both PCR and sequencing of psbA–trnH, and several primer pairs 
and interal primers were used for PCR and sequencing of psbMD (Table 4.1). The two plastid 
markers were amplified with GoTaq polymerase® (Promega) in a volume of 25 µl with the 
following component concentrations: 1X GoTaq buffer, 2.5 mM MgCl2, 200 µM each dNTP, 0.5 
µM of each primer, 1 U polymerase, and 0.5 µL of unquantified genomic DNA. Thermal cycler 
conditions for psbA–trnH are as follows: initial denaturation of 1 min at 94˚C; 29 cycles of 94˚C 
for 30 sec, 55˚C for 30 sec, and 72˚C for 2 min; and a final extension of 10 min at 72˚C. If this 
initial reaction failed amplification was attempted a second time with Phusion High-Fidelity DNA 
Polymerase (Life Technologies). Phusion reactions had the following component 
concentrations: 1X HF Phusion buffer, 200 µM each dNTP, 0.5 µM each primer, 3% DMSO, 
0.625 U polymerase, and 0.5 µL of unquantified genomic DNA. Thermal cycler conditions for the 
Phusion polymerase are an initial denaturation of 1 min at 98˚C, followed by 34 cycles of 10 sec 
at 98˚C, 30 sec at 50.7˚C, and 1 min at 72˚C, and a final extenstion of 10 min at 72˚C. If neither 
of these amplification conditions produced a product an alternative accession was chosen and 
the same protocols applied. Thermal cycler conditions followed those of Shaw et al. (2007) for 
amplification of psbMD. For a few accessions, all attempts at amplification of the psbMD region 
failed. Alternative primer combinations were used to amplify shorter fragments and to account 
for the inversion of trnD-trnY-trnE. If these also failed alternative accessions of the same 
species were tried. 
All plastid PCR products were cleaned using the ExoSAP method (Bell 2008) modified 
by using 5 U of Exonuclease I (New England Biolabs) and 2.5 U of Antarctic Phosphatase (New 
England Biolabs). Sequencing reactions were performed using the ABI Prism® BigDye® 
Terminator v3.1 cycle sequencing kit (Applied Biosystems) in 10 µl volumes as follows: 1X 
BigDye buffer, 1.25% glycerol, 1 µM primer, 0.4 µl of BigDye, and 75-100 ng of template DNA.  
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These reactions were carried out at 98˚C for initial denaturation, followed by 34 cycles of 94˚C 
for 15 sec, 45˚C for 15 sec, and 60˚C for 4 min. Sequencing was done at the University of 
Illinois W.M. Keck Center for Comparative and Functional Genomics. 
 The nuclear gene PHYA was amplified and cloned following the protocol of Mathews et 
al. (1995). To develop specific primers for the apioid superclade PCR products were cloned 
using the TOPO TA cloning kit and TOP10® competent cells (Invitrogen). A total of five clones 
each from 10 accessions were sequenced. The redesigned primers were then used to amplify 
all remaining accessions (Table 4.1). Single band PCR products were never generated, 
therefore all products were run in 2% TAE gels and bands of the correct size were excised and 
cleaned using the QIAEX II® Gel Extraction kit (QIAGEN®) prior to direct sequencing. 
Sequencing was performed as previously described. 
Sequences were edited and assembled into contigs using Sequencher v. 5.1 
(GeneCodes, Ann Arbor, Michigan, USA) by trimming reads automatically with base confidence 
values set to 20 and all other parameters set at default. Contigs were assembled using a 
minimum percent match of 85 and a minimum overlap of 35; algorithm and other parameters 
were set to default. These contigs were then examined by eye to resolve discrepancies among 
reads and to ensure each base had minimum Phred score of Q40 if only a single read covered 
the region or a Q20 or above if there were at least two reads that had no mismatches. If these 
minimum quality levels were not met additional sequencing was done to improve confidence in 
base calls for those nucleotides. 
 
Alignment and Phylogenetic Analyses 
Contigs were exported from Sequencher as consensus sequences and were aligned 
with MUSCLE v. 3.8.31 (Edgar 2004) and the OPAL package (Wheeler and Kececioglu 2007; 
Wheeler and Maddison 2012) within Mesquite v. 3.01 (build 658; Maddison and Maddison 
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2014). The PHYA fragment consisted of two exons and its intervening intron region, the latter 
excluded from subsequent analysis due to difficulty with alignment at the generic level. The 
alignment of exon data was kept in frame using EST data from Petroselinum crispum (parsley; 
GenBank accession X75412; Poppe et al. 1994), a member of tribe Apieae. 
Each locus was aligned separately and partitioning schemes of individual genes and 
combined matrices were tested using PartitionFinder v. 1.0.1 (Lanfear et al. 2012, Lanfear et al. 
2014). PartitionFinder uses alignments as inputs and simultaneously discriminates amongst 
several user-defined partitions of the data, called schemes, to find the best evolutionary model 
and partitioning scheme based on the Akaike information criterion (AIC). The partitions 
examined were as follows: 1) each gene region separately with no partitioning within a region; 2) 
all combinations of genes together with no partitioning within a region (for a total of seven 
schemes); 3) each gene region and any potential within gene partitions separate (i.e., codons 
and coding/non-coding DNA); and 4) all coding sequences partitioned separately from all non-
coding sequences. Coding DNA within psbMD includes the genes trnD, trnY, trnE, and trnT, and 
coding DNA within the psbA–trnH region includes 3’ psbA and trnH. Coding regions for the 
plastid genes were not partitioned by codon position because only 101 bp of psbA and 38 bp of 
5’ psbD were sequenced. PartItionFinder, through the AIC, supports the scheme with the best 
likelihood as: ITS, PHYA codon positions, psbA−trnH coding sequence and non-coding 
sequence separate, and coding and non-coding sequence of psbMD separate. This partitioning 
scheme was used for all analyses. 
Nine matrices were constructed and analyzed with maximum likelihood (RAxML; 
Stamatakis 2014) and Bayesian (MrBayes 3; Ronquist and Huelsenbeck 2003) inference 
methods (Table 4.2). These include: 1) RGCs; 2) ITS; 3) PHYA; 4) psbMD; 5) psbA–trnH; 6) ITS 
+ psbMD; 7) ITS + PHYA + psbMD for 63 taxa; 8) ITS + PHYA + psbMD + RGCs; and 9) ITS + 
PHYA + psbMD for 132 taxa. The single gene matrices contained 124 (ITS), 109 (psbMD), 86 
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(PHYA), and 67 (psbA–trnH) taxa (Table 4.2; Fig. 4.2). To be included in matrices 6-8 a taxon 
had to have all gene regions sequenced; in matrix 9, however, each taxon was only required to 
have data from two of the three gene regions. Thus, all matrices vary in number of taxa 
included. Matrices 7 and 9 contain the same gene regions, but differ in taxon sampling. The 
combined matrices range from 63 (matrices 7 and 8) to 132 (matrix 9) included taxa. Matrices 6 
and 7 contain no missing data. Matrix 8 has missing data because not all RGCs were scoreable 
in all taxa; those taxa for which RGCs were available are indicated in Fig. 4.2. Matrix 9 also 
contain missing data because taxa were included that did not have all gene regions sequenced. 
Matrix 1, RGCs data, was run in PAUP* 4.0b (Sinauer Associates, Inc.) using the 
clustering methods unweighted pair group method with arithmetic mean (UPGMA) and neighbor 
joining (NJ). Matrices 1-8 were analyzed on the CIPRES server (http://www.phylo.org/). All 
maximum likelihood (ML) analyses were run using the GTR GAMMA model. Bayesian analyses 
were run on ITS, psbA–trnH, and psbMD data sets with NST = 2 and rates = gamma, PHYA 
with NST = 6 and rates = invgamma, and RGCs with rates = gamma. These were the models 
supported by AIC in PartitionFinder. Bayesian results were examined with Tracer v.1.5 
(http://tree.bio.ed.ac.uk/software/tracer/) to ensure that runs converged, enough burn-in was 




The aligned matrices ranged in character number from 568 in the psbA−trnH matrix to 
7065 in the ITS + PHYA + psbMD + RGC matrix (Table 4.2). Over half of these 7065 characters 
are contributed by psbMB. ITS has the highest number of parsimony informative (PI) sites 
relative to its size (368 in 692 aligned characters), whereas psbMD contributed the greatest 
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Trees generated with the ITS matrix resolved most tribes and other major clades 
recognized previously in the apioid superclade, the exceptions being the Cachrys clade in the 
ML tree and the Sinodielsia clade in both ML and Bayesian trees (Table 4.3; Fig. 4.3). The 
Sinodielsia and Cachrys clades are polytomies in the ML tree. The Bayesian analysis supports 
some intraclade relationships in the Sinodielsia clade and fully resolves the Cachrys clade (PP = 
100). In general, tribal and generic-level relationships as inferred by ITS sequences are more 
fully resolved in the Bayesian tree than they are in the ML tree. In both trees, Careae and 
Pyramidoptereae are supported as sister tribes (BS = 91, PP = 100). In addition, in the 
Bayesian tree Apieae is allied with Pimpinelleae, Coriandreae is basal to Selineae, and there is 
weak support for the Cachrys clade as basal to Selineae + Coriandreae. In the ML tree 
Pimpinelleae and Apieae are part of a larger polytomy including Coriandreae, Echinophoreae, 
Selineae, Conium, and the Cachrys and Opopanax clades. 
The trees generated using psbA-trnH sequences were highly unresolved, with some 
similar clades supported in both analyses (Fig. 4.4). The Bayesian tree resolved only five nodes 
with high (≥95) PP values, and the ML tree resolved only six nodes with ≥80 BS support values. 
One anomalous, well-supported node in the Bayesian tree places a Tordylium species (tribe 
Tordylieae) as sister to Silaum (Sinodielsia clade). There are no supported intertribal 
relationships in either tree. This locus contained far fewer PI characters than the other data sets, 
and because at least one well-supported node resulted in a rather spurious relationship, it was 
not included in any combined analysis. 
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Analysis of PHYA provides little resolution within and among tribes as well (Fig. 4.5). 
The ML tree contains 19 nodes with ≥ 80 BS. The Bayesian tree has a similar low level of 
resolution (16 nodes with ≥ 95 PP). Tribe Coriandreae is weakly supported as monophyletic (PP 
= 80) in the Bayesian tree and tribe Tordylieae is recovered as two well-supported lineages. 
These delineate clades Tordyliinae and Cymbocarpum of Tordylieae. The placement of all 
outgroup taxa as basal to the apioid superclade does not occur in the PHYA trees. Anthriscus 
(tribe Scandiceae) is supported as sister to Rhodosciadium (tribe Selineae) in both gene trees 
(BS = 100, PP = 98).  
The psbMD trees resolved tribes Apieae, Careae, Echinophoreae, Pimpinelleae, and 
Pyramidoptereae (Table 4.3; Fig. 4.6). The Bayesian tree offers more resolution at intratribal 
levels than the ML tree. Both trees separate the two genera of the Opopanax clade, with 
Smyrniopsis sister to Spermolepis and Opopanax falling as a branch in a large polytomy. The 
two examined species of Bifora (tribe Coriandreae) do not form a monophyletic genus, with one 
species (Bifora testiculata) allying with the Cachrys clade and the other (Bifora radians) more 
closely allied with Selineae. In the ML tree Careae and Pyramidoptereae are sister tribes. Other 
tribal relationships are not resolved. 
Analyses of the ITS + psbMD data set recovered tribes Apieae, Careae, Coriandreae, 
Echinophoreae, Pimpinelleae, Pyramidoptereae, Tordylieae, and the Cachrys clade with strong 
support (Table 4.3; Fig. 4.7). In addition, the Bayesian tree resolved the Sinodielsia clade. In the 
ML tree the Sinodielsia clade resolves as two well-supported lineages. In both ITS + psbMD 
trees (Fig. 4.7) Coriandreae is sister to Selineae. The relationship among these major clades 
differs than what was inferred using ITS. As an example, the Bayesian ITS + psbMD tree 
supports the Cachrys clade as part of a trichotomy with Conium and Opopanax and this clade is 
allied with Pimpinelleae and Apieae (PP = 98), while in the ITS Bayesian tree (Fig. 4.3) the 
Cachrys clade is supported as sister to Coriandreae + Selineae (PP = 87). Unlike the ITS trees 
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(Fig. 4.3), the Opopanax clade is not recovered as monophyletic in the ITS + psbMD trees (Fig. 
4.7). ITS + psbMD trees have a topology similar to that of the psbMD trees (Fig. 4.6) such that 
Smyrniopsis is sister to Spermolepis (Figs. 4.6, 4.7) and Opopanax persicus is allied with 
Conium and the Cachrys clade. 
Bayesian and ML trees generated from the ITS + PHYA + psbMD matrix of 63 taxa 
recovered tribes Apieae, Careae, Coriandreae, and the Sinodielsia and Cachrys clades (Table 
4.3; Fig. 4.8). In both trees Pyramidoptereae is paraphyletic with Careae nested within. These 
two allied tribes are resolved as basal with regard to the rest of the apioid superclade. 
Monophyly of tribes Echinophoreae and Pimpinelleae and the Opopanax clade could not be 
determined because one or no representatives from each were included in the analyses. 
Analysis of the ITS + PHYA + psbMD + RGCs matrix retained much of the same overall 
topology of the ITS + PHYA + psbMD trees but did not improve resolution among tribes and 
clades (Fig. 4.9). 
Analyses of the ITS + PHYA + psbMD matrix comprising 124 taxa recovered Apieae, 
Careae, Echinophoreae, Pimpinelleae, Tordylieae, and the Sinodielsia clade (Table 4.3; Fig. 
4.10) using both inference methods. The Bayesian tree also supports Selineae as monophyletic 
(PP = 100), if Smyrniopsis is considered misplaced within the group. Some intertribal 
relationships are also resolved. Pimpinelleae was resolved as sister to Apieae (BS = 95, PP = 
100) and these two tribes were allied with members a trichotomy with the Cachrys clade, 
Conium, and Opopanax persicus with strong support (PP = 100) in the Bayesian tree. As with 
the ITS + PHYA + psbMD Bayesian tree with fewer taxa (Fig. 4.8) Pyramidoptereae is resolved 
as paraphyletic with Careae arising from within. There is little resolution among Coriandreae, 
Selineae, Echinophoreae, Tordylieae, and the Sinodielsia clade. The two representatives from 
the Opopanax clade are distantly placed in the trees with Smyrniopsis sister to Spermolepis and 
Opopanax persicus as one branch a polytomy with the Cachrys clade + Conium and Apieae + 
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Pyramidoptereae in the Bayesian tree. Both genera of Opopanax occur within polytomies in the 
ML tree. 
 
Rare Genomic Changes 
 Four plastid RGCs were scored for 111 taxa. These changes include inversions of gene 
regions trnD-trnY-trnE and trnH-psbA, changes in gene synteny at JLA, and the presence of 
novel DNA at JLA (Chapter 3). The inversion of trnD-trnY-trnE occurs in Carum (Careae), 
Spermolepis (Selineae), and Smyrniopsis (Opopanax clade). The inversion of trnH-psbA occurs 
in tribes Careae and Tordylieae, and in the Sinodielsia clade. Inverted repeat boundary type A, 
within rps19, occurs only in the outgroup taxa (Chapter 3; Fig. 3.1). Boundary type B, expansion 
into rps3, occurs in Careae and Pyramidoptereae. Boundary type D, contraction into rpl2, occurs 
in tribes Apieae and Pimpinelleae and the Cachrys, Conioselinum, and Opopanax clades. 
Boundary type D’ is a newly identified boundary type, adjacent to D but before E (Chapter 3; 
Fig. 3.1) within non-coding DNA between genes rpl2 and rpl23. Boundary types D’ (rpl2 to rpl23 
intergenic sequence), E (within ycf2), F (ycf2 to trnL intergenic sequence), and G (within ndhB) 
are dispersed throughout Selineae, Tordylieae, and the Sinodielsia clade. Boundary types I and 
I’ both occur within the Coriandreae. Boundary type H occurs only in Tordylium aegyptiacum 
var. palaestinum (Tordylieae). There are two types of DNA insertion at JLA, mtDNA and filler 
DNA. The mtDNA insertion is found in tribes Apieae and Pimpinelleae and the Cachrys, 
Conioselinum, and Opopanax clades. Filler DNA at JLA is dispersed throughout 
Pyramidoptereae, Selineae, Tordylieae, and the Sinodielsia clade. 
When these characters are mapped onto the tree with the most resolved relationships, 
inferences about the number of times each RGC occurred during the evolution of the apioid 
superclade can be made (Fig. 4.11). The inversion of trnD-trnY-trnE occurred at least twice and 
potentially three times during the evolution of the apioid superclade. The inversion is shared by 
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Smyrniopsis and Spermolepis and could have occurred in their common ancestor, if this sister 
relationship is correct. However, if Smyrniopsis is misplaced and indeed belongs to the 
Opopanax clade then the inversion would have occurred three times. The inversion of trnH -
psbA evolved a minimum of three times (Fig. 4.11). It is present in three species of Careae, one 
species of the Sinodielsia clade, and one species of Tordylieae. Boundary types A, B, D, D’, G, 
H, I, and I’ each evolved once when considering the more resolved tree (Figs. 4.9, 4.11). 
Boundary types E, F, and G are paraphyletic. Boundary type E occurs 14 times, three times in 
the Sinodielsia clade and 11 times in Selineae. Five taxa have boundary type F: one Tordylieae 
species and four Selineae species. Boundary type G occurs three times, once in the Sinodielsia 
clade and once in Tordylieae. The insertion of mtDNA at JLA occurred only once in the ancestor 
of the clade containing tribes Apieae and Pimpinelleae and the Cachrys and Opopanax clades. 
The insertion of filler DNA at JLA is paraphyletic and occurred a minimum of nine times, once 
within the Sinodielsia clade, three times in Tordylieae, and five times within Selineae. 
When taxon sampling is increased to 132 (matrix 8, Fig. 4.10), the minimum number of 
times boundary types D’, E and I occur increases (Fig. 4.12). With increased taxon sampling 
boundary type I is supported as evolving twice if the placement of Bifora testiculata is correct 
(Fig. 4.12): once in Bifora radians (Coriandreae) and once in Bifora testiculata (Cachrys clade). 
Eighteen taxa have boundary type E, three in the Sinodielsia clade, and 15 in Selineae. This 
supports the boundary type evolving at least three times. Boundary type D’ occurs six times, all 
within Selineae. The number of filler DNA insertions also increases evolving a minimum of 10 
times, once in Pyramidoptereae, once in the Sinodielsia clade, three times in Tordylieae, and six 
times in Selineae. 
 RGCs can be used to discriminate amongst hypotheses of relationships. Within the ITS 
trees (Fig. 4.3) the two genera of the Opopanax clade resolve as sister taxa. However, these 
two taxa are placed distantly in many other trees presented herein. RGCs ally Opopanax with 
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the clade of Apieae, Pimpinelleae, Conium maculatum, and the Cachrys clade (Fig. 4.11). The 
members of this group all have IR boundary type D within rpl2 and novel DNA at JLA. 
Phylogenies generated herein support either tribes Careae and Pyramidoptereae as 
monophyletic sister groups or a monophyletic Careae nested within a paraphyletic 
Pyramidoptereae. The RGC data cannot discriminate amongst these hypotheses, because all 
taxa share a boundary type that only evolved once (B) and Careae has the trnH-psbA inversion 
that is not shared by Pyramidoptereae (Fig. 4.11). This inversion supports monophyly of Careae 
but not a close relationship to Pyramidoptereae. Smyrniopsis is allied with Spermolepis and this 
close relationship is supported by the sharing of the trnD-trnY-trnE inversion. The molecular 
data suggest that the genus Bifora may not be monophyletic. Bifora testiculata is placed within 
the Cachrys clade in several different phylogenies. Both Bifora species have IR boundary type I, 
which does not support the placement of Bifora testiculata within the Cachrys clade that has 
boundary type D. 
 RGCs within the Sinodielsia clade are not shared by all members. Silaum silaus has an 
IR boundary within 5’ ndhB and has the inversion of genes psbA and trnH. The remaining 
Sinodielsia taxa all have their IR boundary within ycf2 as well as novel DNA at JLA. This pattern 
is similar to what is found in Selineae and Tordylieae, where there is homoplasy in RGCs 
throughout the tribes (Figs. 4.11, 4.12). 
 
Discussion 
The apioid superclade is composed of 14 major lineages of largely unknown evolutionary 
relationships. Although previous molecular systematic studies of cpDNA and ITS sequences, 
cpDNA restriction sites, and RGCs (e.g., Downie et al. 2001, 2010; Plunkett and Downie 1999, 
2000) have increased understanding of intertribal relationships, all have failed to fully resolve 
them. The goal of this study was three-fold: 1) to determine the phylogenetic utility of psbM–
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psbD, psbA–trnH, and PHYA sequences, and RGCs in resolving relationhsips within the apioid 
superclade; 2) to elucidate these intertribal relationships; and 3) to trace the evolutionary history 
of RGCs in the apioid superclade. 
To determine the phylogenetic utility of the four markers, informativeness was assessed 
through comparison of PI characters, as well as number of resolved tribes and other major 
clades identified in previous studies. RGCs by themselves did not produce phylogenetic trees 
having any resolution, as assessed by UPGMA and NJ methods. This lack of signal is 
undoubtedly due to the low number of RGCs scored. For example, within Campanulaceae the 
large number of RGCs identified were able to produce a well-resolved phylogeny (Cosner et al. 
2004). Furthermore, when analyzed alongside the DNA markers, the addition of RGCs did not 
considerably improve the delimitation of the various tribes and other clades within the apioid 
superclade.  
Characters pertaining to boundary types B and D, mtDNA at JLA, and the trnH and psbA 
inversion are all phylogenetically informative. Even though the inversion of trnH and psbA 
occurs within more than one clade, its presence supports the monophyly of at least one tribe, 
Careae. The filler DNA at JLA, the other IR boundary types, and the inversion of trnD-trnY-trnE 
between psbM and trnT are all homoplasous and do not aid in supporting any previously 
identified higher-level relationships within the apioid superclade. 
The psbA–trnH  locus is not informative at the generic and tribal levels. Additionally, this 
locus was unable to recover any previously recognized tribes or other major clades. Liu et al. 
(2014) assessed ITS, psbA–trnH, and two additional plastid loci as potential barcoding regions 
in Apiaceae. While they reported that psbA–trnH was the most variable locus they examined, 
ITS performed better at species identification. The current study agrees with this conclusion – 
psbA–trnH is not a good locus for higher-level phylogenetic inference in Apiaceae. 
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PHYA is a single copy (in apioid superclade species) nuclear gene and belongs to the 
phytochrome gene family. PHYA has more PI characters that ITS, however, it did not perform 
well in the phylogentic analysis. This locus was unable to recover any previously designated 
tribes or other major clades within the apioid superclade, nor did it resolve any tribal-level 
relationships. There are two reasons why PHYA did not perform well. One, the gene may not 
have coalesced. Pillon et al. (2013) reported, in their study of island plants, that single copy 
nuclear genes, including PHYA, may not be an ideal choice for phylogenetics of young lineages. 
Banasiak et al. (2013) dated the divergence of the apioid superclade at 24-30 mya, potentially 
making the group too young for the coalescence of PHYA. Two, the gene may have recently 
been duplicated such that its copies were not in fact homologous. Duplications of PHYA are 
reported from individual species in some lineages (Bennett and Mathes 2006; Turner et al. 
2013), and are readily identifiable. If the duplication was recent a non-homologous copy would 
not be divergent enough to be apparent during alignment and therefore missed. This may 
explain the odd placements of some outgroup taxa within the apioid superclade. Overall this 
locus is not suitable for resolving relationships at deep levels within the apioid superclade. 
The psbMD region was identified by Downie and Jansen (2015) as the most variable 
plastid region in a comparison of five Apiales plastomes. Indeed, psbMD has the most PI 
characters of the regions considered herein and produces trees with much resolution at the 
generic- and tribal-levels. The combination of ITS and psbMD produced trees with the greatest 
resolution of all new loci examined based on overall resolution, both in strong support for 
previously recognized tribes and major clades, and illuminating more intertribal relationships 
than any other matrix analyzed thus far. 
The ITS + psbMD trees resolve Careae and Pyramidoptereae as sister tribes; this 
relationship is also supported by RGC data. This sister relationship has been inferred in other 
studies using ITS and plastid intron sequences (Ajani et al. 2008; Zhou et al. 2008; Spalik et al. 
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2010; Banasiak et al. 2013). In addition, in all analyses with resolution, Careae + 
Pyramidoptereae appear basal to all other members of the apioid superclade, a position also 
supported by ITS and plastid intron sequences (Ajani et al. 2008; Zhou et al. 2008, 2009; Spalik 
et al. 2010; Banasiak et al. 2013). 
Consistent with other studies, ITS + psbMD resolves tribe Coriandreae (Bifora and 
Coriandrum) as monophyletic and basal to Selineae (Ajani et al. 2008; Banasiak et al. 2013), 
when Bifora testiculata is not considered. Bifora testiculata has not been included in previous 
molecular studies. Bayesian analysis of PHYA groups B. testiculata, B. radians, and 
Coriandrum (PP = 80), while the psbMD Bayesian tree places B. testiculata within a 
paraphyletic Cachrys clade sister to Azilia (PP = 88). Both Bifora species have boundary type I, 
however, Coriandrum has boundary type I’. None of these taxa have inversions or insertions to 
help with placement. Additional studies assessing the monophyly of Bifora, which consists of 
three species (Pimenov and Leonov 1993), are necessary. 
The ITS + psbMD trees support the clade comprising tribes Apieae and Pimpinelleae, 
the Cachrys and Conium clades, and Opopanax as basal to Coriandreae, Echinophoreae, the 
Sinodielsia clade, Selineae, and Smyrniopsis. This clade conflicts with ITS results, but is 
consistent with relationships in the psbMD trees. Previous analyses resolved the Cachrys clade 
as basal to Coriandreae + Selineae (Zhou et al. 2008; Banasiak et al. 2013). In addition, ITS 
phylogenies placed Pimpinelleae basal to Apieae (Zhou et al. 2008, 2009; Banasiak et al. 
2013). Apieae is basal to the Opopanax clade followed by the Conium clade in some ITS trees 
(Banasiak et al. 2013), while Apieae is basal to Selineae in other trees (Spalik et al. 2010), or 
relationships are unresolved (Zhou et al. 2008). The RGCs data, boundary type D and 
mitochondrial DNA at JLA, support the close relationship of Apieae, Pimpinelleae, Cachrys clade, 
Conium clade, and Opopanax persicus. No intertribal relationships among Echinophoreae, 
Tordylieae, and the Sinodielsia clade were recovered. 
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The Opopanax clade requires revision. The two examined members of this clade, 
Opopanax persicus and Smyrniopsis aucheri, have inconsistent relationships. In previous 
molecular studies Smyrniopsis is resolved as sister to Opopanax persicus (Spalik et al. 2004; 
Ajani et al. 2008). Ajani et al. (2008) reported that Opopanax (three species) and the monotypic 
Smyrniopsis were sister clades in the apioid superclade. In the current study, phylogenetic 
signal from psbMD overwhelmed that of ITS and led to Smyrniopsis allying with Spermolepis 
and not with Opopanax persicus. Opopanax persicus and Smyrniopsis do not share plastid 
RGCs. In this study the placement of Opopanax persicus is supported by two RGCs, boundary 
type D and the insertion of DNA at JLA, and is allied with Apieae, the Cachrys clade, 
Pyramidoptereae, and Conium. Smyrniopsis and Spermolepis are supported as being closely 
related by sharing the trnD-trnY-trnE inversion. 
Conium maculatum, poison hemlock, is perhaps the most infamous apioid superclade 
species. It is also one of the most difficult to place. Resolution of Conium ranges from no 
supported placement (Winter et al. 2008), weakly supported as an ally to the Cachrys clade 
(Logacheva 2010), allied with Pimpinella (Downie et al. 1996), basal to Tordylieae (Ajani et al. 
2008; Zhou et al. 2008), to sister to an expanded Apium clade (Downie et al. 2001, 2002). In the 
current study Conium falls basal to the Cachys clade and is allied with Apieae and Pimpinelleae. 
This relationship is supported by DNA data and two RGCs characters – IR boundary location 
and the presence of putative novel DNA at JLA. 
While additional sequence data from psbMD and RGCs have illuminated inconsistencies 
in the placement of genera within the Opopanax clade and the monophyly of Bifora, these data 
have helped to clarify some relationships among the tribes and major clades of the apioid 
superclade. In addition, increased resolution among these lineages has provided context for 
studying the evolution of plastome RGCs. Apiaceae plastomes have dynamic synteny changes 
and novel DNA insertions that make for an ideal study system for plastome evolution. Further 
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work to delineate relationships among within the apioid superclade needs to be done to 
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Tables and Figures 
 
Table 4.1  Primer name, location, sequence, and reference to previous publication, if applicable. 
 
Name Location Sequence Reference 
a152f.1 phytochrome A ACN ATG GTN AGY CAY GCN GTN CC Mathews et al. 1995 
a156f.api phytochrome A CAY GCT GTT CCA AGT GTN GGY G modified from Mathews 
et al. 1995 
a230f.api phytochrome A GAC TTY GAR CCB GTB ARG CCT TAY G modified from Mathews 
et al. 1995 
a832r phytochrome A RTT CCA YTC NGA RCA CCA NCC Mathews et al. 1995 
a840r.api phytochrome A CCA TCC AGA YAA YTC TGT CAT AGC modified from Mathews 
et al. 1995 
a2241r.api phytochrome A TGG ARC YRA GTY TTC CCT RGA  
psbA3f photosystem II protein D1 GCT AAC CTT GGT ATG GAA GT  
trnHr tRNA-His GCC TTR RTC CAC TTG SCT AC  
psbMf photosystem II protein M AGC AAT AAA TGC AAG AAT ATT TAC TTC  
trnDf tRNA-Asp ACC AAT TGA ACT ACA ATC CC  
trnDr tRNA-Asp GGG ATT GTA GTT CAA TTG GT  
trnEf tRNA-Glu CTC CTT GAA AGA GAG ATG TCC T  
trnT tRNA-Thr CCC TTT TAA CTC AGT GGT AG  
trnTr tRNA-Thr CTA CCA CTG AGT TAA AAG GG  
psbD photosystem II protein D2 CTC CGT ARC CAG TCA TCC ATA  
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Table 4.2  Number of genera, taxa, aligned characters, and informativeness (calculated as 
parsimony informative characters, PI) in each data matrix. Sums of genera and taxa do not 
include outgroup species. 
 













that are not 
PI 
No. of PI 
characters 
1) ITS 105 124 692 235 89 368 
2) PHYA 77 86 1961 1209 336 416 
3) psbMD 90 109 4353 2705 873 775 
4) psbA–trnH 64 67 568 320 126 122 
5) ITS + psbMD 86 99 5087 3058 990 1039 
6) ITS + PHYA + psbMD 58 63 7048 4730 1188 1130 
7) ITS + PHYA + psbMD + 
RGCs 
58 63 7065    
8) ITS + PHYA + psbMD 110 132 7006 4240 1248 1518 
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Table 4.3  Bootstrap and posterior probabilities supporting previously designated tribes and major clades in the apioid superclade. If 
a node is not well supported (BS ≥ 80; PP ≥ 95) values are not reported. 
 
1Bayes = Bayesian inference 
2NA = no taxa or not enough taxa were included from this tribe/clade to determine monophyly.
  0) RGCs 1) ITS 2) PHYA 3) psbMD  4) psbA–trnH 
5) ITS + 
psbMD 
6) ITS + PHYA 
+ psbMD 
7) ITS + PHYA + 
psbMD + RGCs 
8) ITS + PHYA 
+ psbMD 
Tribe/Clade ML Bayes1 ML Bayes ML Bayes ML Bayes ML Bayes ML Bayes ML Bayes ML Bayes ML Bayes 
Apieae   99 100   100 100   100 100 100 100 100 100 100 100 
Cachrys clade    100       100 100 98 100 99 100 98 100 
Careae   100 100   100 100   100 100 100 100 100 100 98 100 
Coriandreae   96 100       96 100 100 100 98 100 100 100 
Echinophoreae   100 100   90 99   100 100 NA2 NA NA NA 100 90 
Opopanax clade   100 100         NA NA NA NA   
Pimpinelleae   100 100   100 100   100 100 NA NA NA NA 98 100 
Pyramidoptereae   100 100   100 100   100 100       
Selineae   99 100              100 
Sinodielsia clade      94      97 98 100 98 100 100 100 
























Fig. 4.1  Summary of relationships among the tribes and other major clades of the apioid 
superclade inferred by phylogenetic analysis of molecular data (modified from Downie et 
al. 2010). Also included are the Acronema clade, and tribes Scandiceae and 
Oenantheae as outgroups. The number of genera per clade (Downie et al. 2010) and the 















































Fig. 4.2  Apioid superclade and outgroup taxa included in each of the eight data matrices 
analyzed herein. The inclusion of a taxon in a dataset is indicated by a black cell while its 





















































































































































































































Fig. 4.3  Phylogenies generated from ITS matrix. The ML tree is on the left and Bayesian tree on 
the right, numbers at nodes are BS and PP respectively.  

































































































































































































































































































































































































































Fig. 4.4  Phylogenies generated from psbA–trnH matrix. The ML tree is on the left and Bayesian 
tree on the right, numbers at nodes are BS and PP respectively. 
  






































































































































































Fig. 4.5  Phylogenies generated from PHYA matrix. The ML tree is on the left and Bayesian tree 
on the right, numbers at nodes are BS and PP respectively. 
  



















































































































































































































































Fig. 4.6  Phylogenies generated from psbMD matrix. The ML tree is on the left and Bayesian 



































































































































































































































































































































































Fig. 4.7  Phylogenies generated from ITS + psbMD matrix. The ML tree is on the left and 


























































































































































































































































































































































Fig. 4.8  Phylogenies generated from ITS + PHYA + psbMD matrix. The ML tree is on the left 
and Bayesian tree on the right, numbers at nodes are BS and PP respectively. 
  



























































































































































































































Fig. 4.9  Phylogenies generated from ITS + PHYA + psbMD + RGCs matrix. The ML tree is on 
the left and Bayesian tree on the right, numbers at nodes are BS and PP respectively. 
  





























































































































































































































Fig. 4.10  Phylogenies generated from the 143 taxa ITS + PHYA + psbMD combined matrix. ML 
tree on the left and Bayesian tree on the right, numbers at nodes are BS and PP respectively.  














































































































































































































































































































































































































































Fig. 4.11  The same Bayesian tree as presented in Fig. 4.7. RGCs are indicated by circles 

















filler DNA insertion present




























































































































































































Fig. 4.12  The same Bayesian tree as presented in Fig. 4.10. RGCs are indicated by circles 
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Table S4.1  Taxa included in phylogenetic analyses of eight data matrices. Those taxa included 
in each analysis are presented in Fig. 4.2. 
 
Family Species Abbreviation used in 
phylogenies 
Reference/Voucher 
Apieae Ammi majus L. Ap.Am.majus Downie et al. 1998 
Apieae Anethum graveolens L. Ap.An.graveolens Downie et al. 1998 
Apieae Apium graveolens L. Ap.Ap.graveolens Downie et al. 1998 
Apieae Apium prostratum Labill. Ap.Ap.prostratum Reduron et al. 2009 
Apieae Billburttia capensoides Sales 
and Hedge 
Ap.Bi.capensoides Magee et al. 2009 (MO) 
Apieae Deverra burchellii Eckl. & Zeyh. Ap.De.burchellii Winter et al. 2008 
Apieae Deverra triradiata Hochst. Ex 
Boiss. 
Ap.De.triradiata Downie et al. 2000 
Apieae Foeniculum vulgare Mill. Ap.Fo.vulgare Downie et al. 1998; Chapter 3 
Apieae Naufraga balearica onstance & 
Cannon 
Ap.Na.balearica Downie et al. 2000 
Apieae Petroselinum crispum (Mill.) 
Mansf. 
Ap.Pe.crispum Downie et al. 1998 
Apieae Ridolfia segetum (L.) Moris Ap.Ri.segetum Downie et al. 1998 
Apieae Sclerosciadium nodiflorum 
Coss. 
Ap.Sc.nodiflorum Spalik et al. 2010 
Apieae Seseli webbii Coss. Ap.Se.webbii Spalik et al. 2004 
Apieae Stoibrax capense (Lam.) 
B.L.Burtt 
Ap.St.capense Downie K108 
Cachrys Azilia eryngioides (Pau) Hedge 
& Lamond 
Cc.Az.eryngioides Ajani et al. 2008 
Cachrys Cachrys libanotis L. Cc.Ca.libanotis Ajani et al. 2008 
Cachrys Diplotaenia cachrydifolia Boiss. Cc.Di.cachrydifolia Ajani et al. 2008 
Cachrys Ferulago nodosa (L.) Boiss. Cc.Fe.nodosa Downie 3862 
Cachrys Prangos goniocarpa (Boiss.) 
Zohary 
Cc.Pr.goniocarpa Ajani et al. 2008 
Careae Aegokeras caespitosa (Sibth. 
Sm.) Raf. 
Ca.Ae.caespitosa Plunkett and Downie 2000 
Careae Aegopodium alpestre Ledeb. Ca.Ae.alpestre Downie et al. 1998 
Careae Aegopodium podagraria L. Ca.Ae.podagraria Danderson, April 20, 2007, 
Champaign, cultivated, Downie 
3284 
Careae Carum carvi L. Ca.Ca.carvi Downie et al. 1998; Downie 3912 
Careae Falcaria vulgaris Burnh. Ca.Fa.vulgaris Downie et al. 1998 
Careae Fuernrohria setifolia K.Koch Ca.Fu.setifolia Katz-Downie et al. 1999 
Careae Grammosciadium pterocarpum 
Boiss. 
Ca.Gr.pterocarpum Downie et al. 2000 
Careae Hladnikia pastinacifolia  Ca.Hl.pastinacifolia Gardner 2615 
Conium Conium maculatum L. Co.Co.maculatum Downie et al. 1998 
Coriandreae Bifora radians M.Bieb. Co.Bi.radians Downie et al. 1998 
Coriandreae Bifora testiculata (L.) Spreng. Co.Bi.testiculata 19970503, RBGE 
Coriandreae Coriandrum sativum L. Co.Co.sativum Downie et al. 1998 
Echinophoreae Anisosciadium isosciadium var. 
idumaeum DC. 
Ec.An.isosciadium Jordan, 13 April 1980, Frey & 
Kurschner VO5151 (E); extracted 
by K. Spalik 
Echinophoreae Anisosciadium orientale DC. Ec.An.orientale Iran, 50 km from Lar to Jahrom; 
Davis and Bokhari 56241 (RBGE 
E00042061) 
Echinophoreae Dicyclophora persica Boiss. Ec.Di.persica Downie et al. 2000 
Echinophoreae Echinophora orientalis Hedge & 
Lamond 
Ec.Ec.orientalis Ajani et al. 2008 
Echinophoreae Echinophora tenuifolia L. Ec.Ec.tenuifolia Downie et al. 2000 
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Table S4.1 (cont.) 
 
  
Opopanax Opopanax persicus Boiss. & 
Heldr. 
Op.Op.persicum Ajani et al. 2008 
Opopanax Smyrniopsis aucheri Boiss. Op.Sm.aucheri Downie et al. 1998 
Pimpinelleae Arafoe aromatic Pimenov & 
Lavrova 
Pi.Ar.aromatica Downie et al. 1998 
Pimpinelleae Cryptotaenia africana Drude Pi.Cr.africana Plunkett and Downie 1999; Douglas 
1751, BYU 313770 
Pimpinelleae Frommia ceratophylloides H. 
Wolff 
Pi.Fr.ceratophylloides Spalik and Downie 2007; MO 
2448554 
Pimpinelleae Haussknechtia elymaitica Boiss. Pi.Ha.elymaitica Ajani et al. 2008 
Pimpinelleae Phellolophium 
madagascariense Baker 
Pi.Ph.madagascariense Phillipson 2208 (MO 3514162) 
Pimpinelleae Pimpinella major (L.) Huds. Pi.Pi.major Plunkett & Downie 2000 
Pimpinelleae Pimpinella peregrina Lej. Pi.Pi.peregrina Downie et al. 1998 
Pyramidoptereae Bunium elegans Grossh. Py.Bu.elegans Jordan, Ajlun, near the Community 
College, Lahham and El-Oqlah 9 
(Yarmouk Univ. Herb.) 
Pyramidoptereae Crithmum maritimum L. Py.Cr.maritimum Downie et al. 1998; Downie and 
Jansen 2015 
Pyramidoptereae Pyramidoptera cabulica Boiss. Py.Py.cabulica Katz-Downie et al. 1999 
Pyramidoptereae Schrenkia vaginata (Ledeb.) 
Fisch. & C.A.Mey. 
Py.Sc.vaginata Goloskokov, 15-Jun-59, RBGE 
Pyramidoptereae Sison amomum L. Py.Si.amomum France, Val-de-Marne, Créteil, au 
Mont-Mesly. Reduron 19770711-
01 
Pyramidoptereae Trachyspermum ammi (L.) 
Sprague 
Py.Tr.ammi Downie et al. 1998 
Selineae Aethusa cynapium L. Se.Ae.cynapium Plunkett and Downie 2000 
Selineae Aletes acaulis (Torr.) J.M.Coult.  
Rose 
Se.Al.acaulis Downie et al. 2002 
Selineae Aletes macdougalii ssp. 
breviradiatus W.L.Theob. & 
C.C. Tseng 
Se.Al.macdougalii (28) #49, Sun 1999 RM trip (=Oreoxix 
trotteri) 
Selineae Aletes sessiliflorus W.L.Theob. 
& C.C.Tseng 
Se.Al.sessiliflorus (39) #25, Sun 1999 RM trip 
Selineae Ammoselinum butleri (Engelm. 
Ex S.Watson) J.M.Coult. & 
Rose 
Se.Am.butleri USA, Mississippi, Leflore Co., West 
of Greenwood, Cryson 13404 (MO) 
Selineae Ammoselinum popei Torr. & 
A.Gray 
Se.Am.popei USA, Oklahoma, Roger Mills Co., 25 
April 2001, Freeman & Loring 
16921 (MO) 
Selineae Angelica polymorpha Maxim. Se.An.polymorpha Downie et al. 1998 
Selineae Angelica sylvestris L. Se.An.sylvestris Downie et al. 1998 
Selineae Apiastrum angustifolium Nutt. ex 
Torr. & A.Gray 
Se.Ap.angustifolium USA, California, Riverside Co., Vail 
Lake area; Boyd et al. 3848 (MO 
4000398) 
Selineae Arracacia tolucensis (Kunth) 
Hemsl. 
Se.Ar.tolucensis C-2124, University of California, 
Berkeley; 
Selineae Carlesia sinensis Dunn Se.Ca.sinensis Downie et al. 1998 
Selineae Cervaria cervariifolia (C.A.Mey.) 
Pimenov 
Se.Ce.cervariifolia Ajani et al. 2008 
Selineae Chymsydia colchica (Albov) 
Woronow ex Grossh. 
Se.Ch.colchica Downie et al. 1998 
Selineae Cnidiocarpa alaica Pimenov Se.Cn.alaica Katz-Downie et al. 1999 
Selineae Cnidium silaifolium (Jacq.) 
Simonkai 
Se.Cn.silaifolium Downie et al. 1998 
Selineae Coaxana bambusioides Mathias 
& Constance 
Se.Co.bambusioides D.E. Breedlove 12248, 27-VIII-1965, 
UC-1348337 
Selineae Cortia depressa (D.Don) 
C.Norman 
Se.Co.depressa 29; RBGE, 19892739 
Selineae Cymopterus acaulis (Pursh) 
Raf. 
Se.Cy.acaulis 50, Vanderhorst 2236 
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Selineae Cymopterus globosus S.Watson Se.Cy.globosus Downie et al. 1998 
Selineae Donnellsmithia mexicana 
(S.Watson) Mathias & 
Constance 
Se.Do.mexicana D. E. Breedlove 36156, 13–XI–1973, 
CAS 573904 
Selineae Enantiophylla heydeana 
J.M.Coult. & Rose 
Se.En.heydeana Downie et al. 1998 
Selineae Endressia castellana Coincy Se.En.castellana Downie et al. 1998 
Selineae Eurytaenia texana Torr. & 
A.Gray 
Se.Eu.texana Seigler et al. 9834 (ILL)  
Selineae Ferulopsis hystrix (Bunge ex 
Ledeb.) Pimenov 
Se.Fe.hystrix Ajani et al. 2008 
Selineae Glehnia littoralis var. leiocarpa 
(Mathias) B.Boivin 
Se.Gl.littoralis Halse 1228, OSU 146791 
Selineae Harbouria trachypleura (A.Gray) 
J.M.Coult. & Rose 
Se.Ha.trachypleura 24, Embry 56; (16) #5, Sun 1999 RM 
trip 
Selineae Imperatoria ostruthium L. Se.Im.ostruthium Downie et al. 1998 
Selineae Johrenia aromatic Rech.f. Se.Jo.aromatica Ajani et al. 2008 
Selineae Johrenia golestanica Rech.f. Se.Jo.golestanica Ajani et al. 2008 
Selineae Johrenia seseloides (Hoffm.) 
Koso-Pol. 
Se.Jo.seseloides Ajani et al. 2008 
Selineae Kadenia dubia (Schkuhr) 
Lavrova & V.N.Tikhom. 
Se.Ka.dubia (13) Reduron 99160 cult. 
Selineae Karatavia kultiassovii (Korovin) 
Pimenov & Lavrova 
Se.Ka.kultiassovii Katz-Downie et al. 1999 
Selineae Libanotis pyrenaica Bourg. ex 
Nyman 
Se.Li.pyrenaica Spalik et al. 2004 
Selineae Ligusticum physospermifolium 
Albov 
Se.Li.physospermifolium Katz-Downie et al. 1999 
Selineae Lomatium californicum (Nutt. ex 
Torr. & A.Gray) Mathias & 
Constance 
Se.Lo.californicum Downie et al. 1998 
Selineae Lomatium nudicaule (Nutt.) 
J.M.Coult. & Rose 
Se.Lo.nudicaule 2, 8, Hartman 8736 
Selineae Musineon divaricatum (Pursh) 
Nutt. 
Se.Mu.divaricatum Downie et al. 2002 
Selineae Myrrhidendron donnell-smithii Se.My.donnell-smithii Downie et al. 1998 
Selineae Myrrhidendron maxonii 
J.M.Coult. & Rose 
Se.My.maxonii B. Hammel 2811, 5-V-1978, MO-
2903476 
Selineae Neoparrya lithophila Mathias Se.Ne.lithophila Downie et al. 2002 
Selineae Oligocladus patagonicus 
(Speg.) Pérez-Mor. 
Se.Ol.patagonicus Vanni et al 4355 9-1-2000 (CTES) 
Selineae Oreoxis bakeri J.M.Coult. & 
Rose 
Se.Or.bakeri Downie et al. 2002 
Selineae Oreoxis humilis Raf. Se.Or.humilis Downie et al. 2002 
Selineae Orogenia linearifolia S.Watson Se.Or.linearifolia Downie et al. 2002 
Selineae Paraligusticum discolor 
(Ledeb.)V.N.Tikhom 
Se.Pa.discolor Downie et al. 1998 
Selineae Podistera eastwoodiae 
(J.M.Coult. & Rose) Mathias 
& Canstance 
Se.Po.eastwoodiae Downie et al. 2002 
Selineae Prionosciadium acuminatum 
B.L.Rob ex J.M.Coult. & 
Rose 
Se.Pr.acuminatum Downie et al. 2002 
Selineae Pteryxia terebinthina var. 
calcarea (M.E.Jones) 
Mathias 
Se.Pt.terebinthina Downie et al. 2002 
Selineae Rhodosciadium argutum (Rose) 
Mathias & Constance 
Se.Rh.argutum Downie et al. 1998 
Selineae Selinum carvifolia (L.) L. Se.Se.carvifolia Sun et al. 2004 
Selineae Seseli elatum Thuill. Se.Se.elatum Downie et al. 1998 
Selineae Seseli montanum L. Se.Se.montanum Downie et al. 1998 
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Selineae Shoshonea pulvinata Evert & 
Constance 
Se.Sh.pulvinata Downie et al. 1998 
Selineae Spermolepis inermis (Nutt. ex 
DC.) Mathias & Constance 
Se.Sp.inermis USA, Illinois, Carroll Co., Savanna 
Army Depot., Green Island, 30 
June 1993, Phillippe et al. 22290 
(ILLS) 
Selineae Taenidia integerrima (L.) Drude Se.Ta.integerrima Downie et al. 1998 
Selineae Tauschia glauca (J.M.Coult. & 
Rose ex Rose) Mathias & 
Constance 
Se.Ta.glauca Downie et al. 2002 
Selineae Tauschia parishii (J.M.Coult. & 
Rose) J.F.Macbr. 
Se.Ta.parishii Downie et al. 2002 
Selineae Thaspium trifoliatum (L.) A.Gray Se.Th.trifoliatum Downie et al. 1998 
Selineae Tommasinia verticillaris (L.) 
Bertol. 
Se.To.verticillaris Katz-Downie et al. 1999 
Selineae Trinia hispida Hoffm. Se.Tr.hispida Ajani et al. 2008 
Selineae Xanthogalum purpurascens 
Avé-Lall. 
Se.Xa.purpurascens Ajani et al. 2008 
Selineae Zizia aurea (L.) W.D.J.Koch Se.Zi.aurea Downie et al. 1998 
Sinodielsia Cenolophium denudatum 
(Fisch. ex Hornem.) Tutin 
Si.Ce.denudatum Valiejo-Roman et al. 1998 
Sinodielsia Cnidium officinale Makino Si.Cn.officinale Downie et al. 1998 
Sinodielsia Conioselinum tataricum Hoffm. Si.Co.tataricum Downie et al. 1998 
Sinodielsia Levisticum officinale 
W.D.J.Koch 
Si.Le.officinale Downie et al. 1998 
Sinodielsia Silaum silaus (L.) Schinz & 
Thell. 
Si.Si.silaus Reduron specimens, March 14, 2002 
[probably France, Bas-Rhin, 
between Herbsheim et Boofzheim, 
14 August 2001, Reduron (Hb. 
Reduron)]; (1) UIUC 94204, 
greenhouse Room 1513, fresh leaf 
material 
Sinodielsia Sphaenolobium tianschanicum 
(Korovin) Pimenov 
Si.Sp.tianschanicum Katz-Downie et al. 1999 
Tordylieae Cymbocarpum anethoides DC. To.Cy.anethoides Ajani et al. 2008 
Tordylieae Cymbocarpum erythraeum 
Bioss. 
To.Cy.erythraeum Ajani et al. 2008 
Tordylieae Dasispermum suffruticosum 
(P.J.Bergius) B.L.Burtt 
To.Da.suffruticosum Ajani et al. 2008 
Tordylieae Ducrosia anethifolia (DC.) 
Boiss. 
To.Du.anethifolia Ajani et al. 2008 
Tordylieae Heracleum alpinum Siev. To.He.alpinum Ajani et al. 2008 
Tordylieae Heracleum lanatum Michx. To.He.lanatum Downie et al. 1998 
Tordylieae Heracleum pyrenaicum Lam. To.He.pyrenaicum Ajani et al. 2008 
Tordylieae Heracleum sibiricum To.He.sibiricum Reduron 4 Aug 2000 
Tordylieae Heracleum sphondylium L. To.He.sphondylium Downie et al. 1998 
Tordylieae Lefebvrea abyssinica A.Rich. To.Le.abyssinica Willis 168 4/4/2000 
Tordylieae Malabaila pastinacaefolia Boiss. 
& Balansa 
To.Ma.pastinacifolia Turkey, B6: Kayseri, Pinarbasi-Gurun 
arasi, 5 Km, 1550m, 10.07.2000, 
A. Duran 5498, Y.Menemen & M. 
Sagiroglu (ADO) (tube 2) 
Tordylieae Malabaila secacul (Mill.) Boiss. To.Ma.secacul Jordan, University of Science and 
Technology, Lahham 26 (Yarmouk 
U. Herb.) Lee 253 
Tordylieae Pastinaca armena Fisch. & 
C.A.Mey. 
To.Pa.armena Katz-Downie et al. 1999 
Tordylieae Pastinaca lucida L. To.Pa.lucida Ajani et al. 2008 
Tordylieae Pastinaca pimpinellifolia Bory & 
Chaub. 
To.Pa.pimpinellifolia Ajani et al. 2008 
Tordylieae Pastinaca sativa Thomas ex 
DC. 
To.Pa.sativa Downie et al. 1998 
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Tordylieae Stenosemis caffra Sond. To.St.caffra Calviño et al. 2006 
Tordylieae Tetrataenium rigens (DC.) 
Manden. 
To.Te.rigens Downie et al. 1998 as Heracleum 
rigens 
Tordylieae Tordylium apulum L. To.To.apulum Ajani et al. 2008 
Tordylieae Tordylium aegyptiacum var. 
palaestinum (Zohary) 
Zohary 
To.To.aegyptiacum Downie et al. 1998 
Tordylieae Zosima orientalis Hoffm. To.Zo.orientalis Ajani et al. 2008 
Outgroup Anthriscus cerefolium (L.) 
Hoffm. 
OG.An.cerefolium Downie and Jansen 2015 
Outgroup Chaerophyllum khorossanicum 
Czerniak. ex Schischk. 
OG.Ch.khorossanicum Valiejo-Roman (DNA #892) 
Outgroup Daucus carota L. OG.Da.carota Ruhlman et al. 2006 
Outgroup Daucus carota subsp. 
drepanensis (Arcang.) 
Heywood 
OG.Da.carota Peery, Spring 2010, Urbana, IL, 
cultivated from seeds; 
Outgroup Helosciadium repens Syme ex 
F.W.Schultz 
OG.He.repens Winter 2008 
Outgroup Myrrhis odorata (L.) Scop. OG.My.odorata Downie et al. 2002 
Outgroup Osmorhiza longistylis (Torr.) 
DC. 
OG.Os.longistylis Downie et al. 2002 
Outgroup Pachypleurum alpinum Ledeb. OG.Pa.alpinum Dave Murray from Alaska (Collected 
from Russia) 
Outgroup Polylophium panjutinii Manden. 
& Schischk. 
OG.Po.panjutinii Ajani et al. 2008 
Outgroup Scandix pecten-veneris (L.) OG.Sc.pecten-veneris Downie et al. 1998 
Outgroup Torilis japonica (Houtt.) DC. OG.To.japonica Downie et al. 2001 
Outgroup Tornabenea tenuissima (Chev.) 
O.E.Erikss. 
OG.To.tenuissima Spalik and Downie 2007 
 
